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Abstract
Ameloblastoma is the most common odontogenic tumour worldwide. It is a locally invasive yet benign tu-
mour, with bone destructive capacity. Up to 70% of cases are estimated to recur and some of these form
tumours in the soft tissues surrounding the original tumour sites.
There are many unanswered questions around the cellular events leading up to the growth of an ameloblas-
toma tumour, how ameloblastoma cells invade the bone tissue surrounding it, how the disease progresses and
if there are any suitable biomarkers to potentially be used for disease diagnosis and/or prevention.
This study used tissue engineering techniques to create two distinct models for ameloblastoma tumours. The
first involved the development of bone-like compressed collagen constructs, which were co-cultured with
ameloblastoma cells from the AM-1 cell line. These constructs were examined for cell proliferation, inva-
sion, cell-to-cell contacts and gene expression. The second construct involved modelling AM-1 cell behaviour
together with an organotypic soft tissue model, so that recurrent ameloblastoma behaviour could be investi-
gated. For this, co-cultures of gingival fibroblasts in compressed collagen scaffolds were developed. Using
this construct, it was found that AM-1 cells upregulated matrix metalloproteinase (MMP-2) expression.
It was found that AM-1 cells rapidly proliferated in both constructs, and cell-to-cell interactions and some
invasion were also observed.
Finally, based on gene expression data obtained for the two constructs, potential therapeutic agents were
tested. Application of either Alendronate or Doxycycline was found to reduce AM-1 cell survival within the
models.
The models developed during this project are the first to provide an organotypic in vitro setting for the exami-
nation of ameloblastoma cells. They effectively mimic the in vivo tissue by providing appropriate extracellular
matrix factors and cell types. The behaviour of AM-1 cells in these models was close to that observed in in
vivo tumours.
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Chapter 1
Introduction and literature review
The first part of this chapter provides an introduction to the ameloblastoma family of tumours, current knowl-
edge about these tumours and their causes. The second part then details the native tissue environments,
extracellular matrix compositions of bone and the soft tissues, and how tissue-engineered models may aid in
understanding oral diseases in complex, organotypic settings. Finally, current tissue engineering techniques
and methods are reviewed with the aim of using these to develop the models as the focus of this thesis.
This thesis describes the development of bone-like and soft tissue scaffolds using human fibroblasts, bone
cells and compressed collagen scaffolds. The organotypic models made during this project will provide infor-
mation on tumour growth, but also on the interactions ameloblastoma cells have with bone cells, fibroblasts
and their surroundings. In addition, these scaffolds will lend themselves to testing of therapeutic agents, as
standardising scaffold synthesis will allow for a reproducible model for inhibition of cell growth and any
relevant pathways within the cells.
1.1 Ameloblastoma
Ameloblastoma is a rare, odontogenic tumour, which occurs either in the maxilla or mandible. While it is
the most common of all odontogenic tumours (Philipsen and Reichart, 2004), its rarity did for a long time
mean that there was a lack of samples in tissue banks appropriate for genomic studies (Jamshidi et al., 2015).
However, recent advances in DNA extraction and genome sequencing from histological specimens has led
to some major developments in ameloblastoma research. The molecular pathogenesis of these tumours was
only characterised in 2014, in a series of high-throughput genetic studies (Brown et al., 2014; Kurppa et al.,
2014; Sweeney et al., 2014).
The limited knowledge is partly due to the rarity of the tumour, but also due to the complex physiological
behaviour it exhibits (Heikinheimo et al., 2015).
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1.1.1 Ameloblastoma incidence
Ameloblastoma incidence was recently estimated to be 0.5 cases per one million person years (McClary
et al., 2014). Even though it is rare, ameloblastoma is the most common clinically significant odontogenic
tumour (Bachmann and Linfesty, 2009), with 11.7% of all odontogenic tumours worldwide being classed
as ameloblastoma (Philipsen and Reichart, 2004). When odontomas, which are often considered to be either
developmental abnormalities or benign tumours, are discounted from this figure, different types of ameloblas-
toma form 48.5% of odontogenic tumours (Buchner et al., 2006).
However, this high figure may be biased by several factors including the lack of symptoms, by ameloblas-
tomas being treated as large aggressive tumours at cancer hospitals instead of being recognised within dental
clinical settings, and by cases not being recorded or sent for examination (Avelar et al., 2011).
1.1.2 Tumour locations
Benign but invasive odontogenic tumours are rare and much remains unknown about their formation, aetiol-
ogy and cellular events. Up to 80% of ameloblastoma tumours occur in the mandible (Gardner et al., 2005;
Reichart et al., 1995). The high proliferation rate in the posterior region of both mandible and maxilla (molar-
ramus area) is thought to account for the high occurrence rate in this region (Reichart et al., 1995).
Specifying successful methods for therapy is therefore difficult, and the prognosis for some ameloblastoma
subtypes is poor, in part because of the lack of therapies other than surgery, but also due to the complex
anatomy of the head and neck region (Gardner et al., 2005).
1.1.3 Tumour formation and appearance
Radiographs and computerised tomography scans of suspected ameloblastomas often show an expansive,
radiolucent, uni- or multilocular cystic lesion, with a characteristic soap bubble-like appearance (Bachmann
and Linfesty, 2009). The lack of bone matrix calcification is also visible, and sometimes even tooth root
erosion can be visualised using radiographs (Bachmann and Linfesty, 2009). A computerised tomography
scan of an ameloblastoma tumour invading the jaw bone and the surrounding tissues is seen in fig. 1.1, where
the tumour (grey mass within the jaw bone) has degraded most of the jaw bone (in white) and deformed the
facial structure. The tumour has also invaded one of the orbits (yellow arrow) and some of the sino-nasal
passages.
1.1.4 Ameloblastoma growth and symptoms
Ameloblastomas originate from the odontogenic epithelium, from unerupted third molars, or the tooth bud
(Harada et al., 1998; Mendenhall et al., 2007; Kibe et al., 2013). Despite being histologically benign,
ameloblastomas exhibit locally invasive properties, and can reach a large size before the patient reports any
symptoms (Reichart et al., 1995; Gardner et al., 2005). The average size of the tumour upon removal is
4.3cm, with tumours larger in females (5.2cm) than males (3.6cm) (Reichart et al., 1995). The average age of
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Figure 1.1: A computerised tomography scan of an advanced ameloblastoma tumour as seen in the frontal
plane. The jaw and skull bones are visible in white (blue arrows), whereas the soft tissues and the ameloblas-
toma tumour are in grey and the nasal cavity is in black. Large parts of the mandible and maxilla have been
resorbed by the ameloblastoma tumour (red arrows). The tumour has also infiltrated the left orbit (yellow
arrow). Image provided by Dr S. Fedele (UCL Eastman Dental Institute).
a patient when the ameloblastoma tumour is discovered is 36 years (Reichart et al., 1995).
The ameloblastoma tumour grows slowly, often causing no early symptoms, which contributes to the diffi-
culties in accurate diagnosis and the large size when removed. All subtypes, which are discussed in section
1.2, mainly present as a painless swelling or a slow-growing mass, and always require biopsy for diagnosis
confirmation (Gardner et al., 2005). The ameloblastoma tumour is often noticed during a routine dental ex-
amination. Some patients may also present with malocclusion, loose teeth and paraesthesia (Bachmann and
Linfesty, 2009), as well as delayed tooth eruption and in some cases pain (Reichart et al., 1995).
Diagnosis takes anywhere between months to years from the onset of symptoms, with the average time re-
ported as 27 months (Reichart et al., 1995; Mendenhall et al., 2007). During this time, it is possible for the
tumour to erode most of the maxilla or mandible. Eggshell cracking of the bone proximal to the tumour is
often reported - this is due to pressure from the growing tumour leading to expansion and stretching of the
surrounding bone (Cawson and Odell, 2008). However, in some cases, the slow growth of the tumour allows
the periosteum to develop a sheet of bone to expand with it, leading to a greatly distorted jaw (Cawson and
Odell, 2008). Cupping or saucerisation, which involves superficial erosion of the peripheral or superficial
bone surrounding the tumour, can also occur (Mendenhall, 2011).
1.1.5 Tumour invasion
In some cases, ameloblastoma can continue to grow beyond the bone tissue and infiltrate both the medullary
cavity and the surrounding soft tissue and anatomical structures of the head and neck. The proximity of
the skull base and thinner bone in this region is thought to allow for easy tumour spread to the anatomical
structures in the head and neck (Sampson and Pogrel, 1999; Ferretti et al., 2000). Primarily, this infiltration
occurs in the gingivae, alveolar mucosa and facial muscles due to their proximity to the tumour (Arora et al.,
2009; Gardner et al., 2005; Mendenhall et al., 2007). Some authors postulate that pressure resorption caused
by the tumour on the surrounding bone is the major mechanism by which the tumour grows to a large size -
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rather than specific tissue invasion or the invasive properties of the tumour cells themselves. A report in 2011
included a case with exophytic growth without cortical expansion with superficial erosion (saucerisation) of
the bone (Sanjay et al., 2011). The authors postulated this may have indicated tumour growth through pressure
resorption rather than resorptive invasion (Sanjay et al., 2011).
However, as continuously applied compressive pressure has been shown to reduce osteoblast function and
increase osteoclast pre-cursor activity (Imamura et al., 1990), both pressure resorption and the potentially
bone resorptive properties of ameloblastoma cells appear to function through the same turnover pathways.
1.1.6 Tumour recurrence
In the majority of cases, the benign ameloblastoma tumour does not recur. Hard tissue recurrences of
ameloblastoma are rare, as a large piece of the affected jaw bone including the tumour is resected as a stan-
dard initial treatment. Soft tissue recurrence is thought to be caused by incompletely excised primary tumours
appearing to use the surrounding soft tissues as an access point for further invasion (Al-Bayaty et al., 2002).
Indeed, most recurrences are thought to be due to inadequate removal of the primary tumour (Mendenhall
et al., 2007). The average time for recurrence development is 7.2 years, but can span decades (Reichart et al.,
1995).
Overall, recent reports estimate approximately 30% of all ameloblastoma tumours recur (McClary et al.,
2014). However, depending on the tumour subtype and treatment technique, varying recurrence rates have
been reported: curettage or conservative treatment results in recurrence rates up to 70% (Gardner, 1984;
Jaaskelainen et al., 2002; McClary et al., 2014), whereas recurrence rates after resection have been reported
in approximately 15% of cases (Jaaskelainen et al., 2002; Chapelle et al., 2004; McClary et al., 2014). The
recurrence rates for the different tumour subtypes are outlined in section 1.2.
Rarely, recurrent tumours cause extensive damage to the head and neck, and spread into vital organs in the
vicinity of the original tumour. Maxillary tumour recurrences have been reported to have spread to the palate,
nasopharynx and sinuses, as well as occasionally into the orbit, which is associated with impaired vision
(Brazis et al., 1995).
1.2 Ameloblastoma classification
Currently, four different clinical variants of ameloblastoma have been classified: solid or multicystic amelo-
blastoma (SMA), unicystic ameloblastoma (UA), peripheral ameloblastoma (PA) and desmoplastic ameloblas-
toma (DA). These four different variants were standardised by the World Health Organization in 2005 (Gard-
ner et al., 2005), making comparisons of cases before and after difficult, as different tumour types would
be presented with varying names and the reclassification of the subtypes led to a changed disease picture
(Mosqueda-Taylor, 2008).
All four variants are described histologically at length in major reviews and other reference books on ameloblas-
toma, such as those by Gardner et al. (2005); Mendenhall (2011); Philipsen et al. (2001a,b). All types of
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ameloblastoma need biopsy for diagnosis confirmation, and histological examination of the tumour is used
to distinguish between the different ameloblastoma subtypes. It is not known, whether there are differing
cellular events or mutations, which underlie the different ameloblastoma subtypes. Some forms are prone to
metastasis, but the metastasising variants display no specific features to distinguish them from non-metastatic
forms of the disease, making prognosis difficult (Gardner et al., 2005).
1.2.1 Solid / multicystic ameloblastoma
Solid/multicystic ameloblastoma (SMA) is the most commonly occurring tumour type and second most com-
mon odontogenic tumour, making up approximately 80% of all ameloblastoma tumours (Bachmann and Lin-
festy, 2009). Tumours are intraosseous (central) and have the typical ameloblastoma qualities of slow growth
and local invasiveness, with infiltrative growth into surrounding osseous tissue (Mendenhall, 2011). Rarely,
intracranial spread is seen after destruction of the maxillary sinus (Gardner et al., 2005).
80% of tumours of this subtype involve the mandible, predominantly the posterior region (Bachmann and
Linfesty, 2009). Similarly, maxillary tumours also involve the posterior region, which is thought to be due
to the presence of aberrant tooth germ and the continuous proliferation of the dental lamina in this region
(Mendenhall, 2011).
Histologically, this subtype presents as a unilocular or multilocular radiolucent lesion with soap-bubble
appearance and irregular configurations of tumour tissue (Philipsen and Reichart, 1998; Mendenhall, 2011).
Root resorption of proximal teeth is sometimes seen (Philipsen and Reichart, 1998). Two histological patterns
are the most common: follicular (with islands of odontogenic epithelium) and plexiform (with branching
strands of epithelium) in a connective tissue stroma, with both patterns infrequently seen in the same lesion
(Bachmann and Linfesty, 2009). Recurrences are “not uncommon”, and can be seen more than ten years
post-treatment, which is why long-term follow up is recommended (Gardner et al., 2005).
1.2.2 Unicystic ameloblastoma
Unicystic ameloblastoma (UA) is characterised by the presence of a single well-defined cystic lesion, with a
lining partly consisting of odontogenic epithelium (Philipsen and Reichart, 1998). This subtype accounts for
between 5-22% of all ameloblastomas, and is sometimes considered to be a variant of SMA (Philipsen and
Reichart, 1998).
Up to 90% of tumours are associated with an impacted tooth (dentigerous variant; often impacted mandibular
third molar), in which case it can be indistinguishable from a dentigerous cyst (Mendenhall, 2011). However, a
study comparing 20 dentigerous cysts and unicystic ameloblastomas found that 81.5% of UA samples stained
for calretinin, whereas none of the dentigerous cysts did, indicating calretinin as a potential diagnostic marker
in UA (Coleman et al., 2001). Lesions arise anywhere, predominantly within the mandible body, and external
root resorption can occur. Histologically, three or four different subtypes have been categorised, depending
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on whether luminal, intraluminal and mural involvement is seen (Philipsen and Reichart, 1998).
Recurrence is documented as 6% for tumours without mural involvement and 37% for tumours with mural
involvement (Mendenhall, 2011). The involvement of intramural tumour growth should be used to guide
surgery, with aggressive resectioning and potential removal of adjacent bone in cases with invading tumour
islands (Philipsen and Reichart, 1998; Mendenhall et al., 2007).
1.2.3 Desmoplastic ameloblastoma
Desmoplastic ameloblastoma (DA) is a recently defined subtype and although it is currently considered a
distinct type of ameloblastoma, it may be a subtype of SMA (Philipsen et al., 2001b). The desmoplastic
subtype accounts for around 3-13% of all ameloblastomas (Mendenhall, 2011).
The characteristic presentation of DA is as islands of ameloblastoma tissue within dense fibrous connective
tissue, with abundant collagen of moderate cellularity (Philipsen et al., 2001b). Desmoplastic ameloblastoma
is found with equal frequency in the maxilla and mandible (maxilla:mandible ratio 1:0.9) (Philipsen et al.,
2001b). Radiological differences exist between this class and SMA, as desmoplastic tumours can be either
radiolucent or radiopaque in appearance, with new bone reported in several cases (Philipsen et al., 2001b).
Desmoplastic tumours have also been reported to have the weakest Ki-67 staining, and thereby the lowest
cell proliferation rate, reinforcing the differences between this and the other ameloblastoma subtypes (Gomes
et al., 2010). This subtype also invades the surrounding osseous tissue, characterised by irregularly shaped
islands of odontogenic epithelium (Philipsen et al., 2001b). Defined tumour borders have been found present
in only 7% of cases (Philipsen et al., 2001b). Collagen type IV and tumour growth factor (TGF)-  staining are
seen in DA using immunohistochemical techniques, both of which are not seen in SMA (Mendenhall, 2011).
Fibroblasts are also seen present within the tumour stroma; there is also an increased amount of stroma seen
surrounding the tumour (Mendenhall, 2011).
Treatment is recommended as for SMA, with complete resection of the tumour with a 1-2cm margin to
account for the diffuse tumour border, and long-term follow-up is recommended (Philipsen et al., 2001b).
Recurrence rates are difficult to determine, as this subtype is very rare, and the Philipsen review, with 100
patients’ data is the largest one to date (Philipsen et al., 2001b).
1.2.4 Peripheral ameloblastoma
Peripheral ameloblastoma (PA) is a soft tissue (extraosseous) variant of ameloblastoma, forming lesions in
the gingival or alveolar mucosa without bone involvement (Philipsen et al., 2001a). However, it is possible,
that PA is in fact a variant of intraoral basal cell carcinoma, and these two lesions should be regarded as
a single entity rather than as two separate tumours (Philipsen and Reichart, 2004). PA lesions arise either
from remnants of the dental lamina proximal to tooth-bearing areas, or from the epithelial surface (Philipsen
et al., 2001a). Lesions can also merge with the epithelial surface during growth (Philipsen et al., 2001a).
PA accounts for 2-10% of all ameloblastomas, and is predominantly found in the mandible (Philipsen et al.,
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2001a; Mendenhall, 2011). The average age for diagnosis is 52 years, approximately 15 years later than for
other, intraosseous ameloblastomas (Philipsen et al., 2001a).
The lesions are painless and firm with a smooth swollen appearance, although local trauma, e.g. mastication,
can give rise to an ulcerated surface (Philipsen et al., 2001a). Despite no bone involvement, the pressure
exerted by the tumour on the underlying bone tissue may in some cases cause saucerisation (Philipsen et al.,
2001a).
The histology of this tumour is similar to SMA, but no stellate reticulum involvement is seen. The majority of
lesions exhibit a follicular pattern when examined histologically, although plexiform patterning is also seen
(Philipsen et al., 2001a). The tumour stroma consists of mature stromal tissue (Philipsen et al., 2001a). As
this subtype does not invade the bone, local surgical excision (conservative supraperiosteal excision) with
disease-free margins is usually effective when combined with long-term follow-up (Philipsen et al., 2001a).
It should be noted that due to the term ameloblastoma being included in the name of the lesion, there is a risk
of the growth being treated with more extensive surgery than would be needed (Gardner et al., 2005). This
subtype has a low recurrence rate, with only rare examples of malignant PA reported (Mendenhall, 2011).
1.2.5 Malignant ameloblastoma
As a rare exception, malignant or metastatic variants of the tumour occur in approximately 2% of ameloblast-
mas (Gardner et al., 2005). These cases are severe as they are not limited to being locally invasive and
include metastasis to a distant site (Brazis et al., 1995; Lin et al., 2014). Malignant tumours are similar to
non-metastatic ones when examined histologically, and can only be diagnosed retrospectively (Gardner et al.,
2005; Bachmann and Linfesty, 2009). Malignant forms of the tumour can result in lesions in the skin, lymph
nodes and parapharyngeal region (Kranz, 2015; Lin et al., 2014; Xavier et al., 2013). Case reports outline
spread to more distant sites, with the primary location being the lungs, but this is rare (Hirshberg and Buchner,
1995; Klapsinou et al., 2013; Lin et al., 2014). Most literature on this type of ameloblastoma is in the form
of case reports, which are sporadic and variable in quality - incidence rates, causes and recurrence rates for
metastatic ameloblastoma are currently unknown.
1.2.6 Ameloblastic carcinoma
Ameloblastic carcinoma (AC) is a rare, malignant variant of the ameloblastoma tumour, which develops
either from a pre-existing ameloblastoma tumour or de novo (Carinci et al., 2004; Ram et al., 2011). While
metastatic ameloblastoma exhibits a benign histology, ameloblastic carcinomas exhibit both ameloblastoma-
like and carcinoma-like malignant histology, with or without metastasis (Gardner et al., 2005; Bedi et al.,
2010). AC is characterised by significant bone resorption and tooth resorption (Ram et al., 2011). The main
symptom is a fast growing swelling, typically in the mandible (Ram et al., 2011).
Although AC is rare, its incidence has been reported to be twice that of metastatic ameloblastoma (Bedi et al.,
2010).
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1.3 Current treatment
1.3.1 Surgery
The mainstay treatment is surgical removal of the tumour. The large size of the tumour often leads to the
need for a large amount of surplus tissue excision to ensure complete removal of all tumour cells in order to
prevent or minimise recurrences (Gardner et al., 2005; Mendenhall, 2011).
At least a 1cm margin around the radiographic edge is recommended in most subtypes (Mendenhall, 2011),
although many authors recommend a margin of 1.5-2cm to ensure all microcysts (tumour tissue remnants) are
removed (Mosqueda-Taylor, 2008). This radical surgical excision requires removal of a potentially large part
of the jaw bone to ensure complete excision. In all cases, the complex anatomy of the head and neck region
provides an additional challenge. In the maxilla, the surgery is limited by the proximity or involvement of
vital structures including, but not limited to, nerves, blood vessels and orbits (McClary et al., 2014). Where
soft tissue involvement is evident, this should also be excised to prevent recurrences (Chapelle et al., 2004).
Early resection is recommended for especially maxillary tumours, as the bone surrounding the tumour in this
location is thinner than in the mandible and therefore acts as less of a barrier to tumour spread (Chae et al.,
2015). Furthermore, maxillary ameloblastoma is potentially lethal, as its potential for intracranial spread can
make the complete removal of the tumour difficult even with modern surgical techniques (Bachmann and
Linfesty, 2009; Mendenhall, 2011).
For mandibular tumours, vascularised free grafts are the standard replacement for the excised bone tissue
(McClary et al., 2014). Reconstruction of the jaw bones is predominantly carried out by autologous bone
transplantation from the fibula, iliac crest or scapula (Dandriyal et al., 2011). Some authors recommend con-
servative resectioning for low-risk unicystic ameloblastoma tumours, which have a lower infiltrative capacity
and therefore a lower recurrence rate (Chapelle et al., 2004; McClary et al., 2014).
Quality of life post-operatively is limited by functional and cosmetic problems, such as malocclusion, mas-
ticatory dysfunction, abnormal jaw movement and facial deformities, as well as increased site morbidity and
mortality. Several studies suggest the treatment method as an important prognostic factor, specifically im-
plicating under-treatment and conservative tumour excision without use of appropriate margins as the main
causes of recurrence (Mendenhall et al., 2007; Bachmann and Linfesty, 2009). Recurrences often present over
5 years after initial treatment, so follow-up is essential (Mendenhall, 2011).
However, more efficient diagnosis and treatment methods are needed, as a large part of the harmful effects of
ameloblastoma could be avoided if there was a suitable method of diagnosis prior to the tumour reaching a
large size inside the patients jaws, or an alternative to surgical treatment.
1.3.2 Radiotherapy
Radiotherapy should be considered for ameloblastoma tumours in patients with incompletely resectable tu-
mours or in patients not amenable to re-resection (Koukourakis et al., 2011). However, radiation therapy is
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generally not considered a valid treatment option, as ameloblastoma tumours have been classified as radiore-
sistant for decades (Gardner, 1984; Mendenhall, 2011). Despite this, some studies have still reported treatment
with radiation therapy, with an average recurrence rate of 45% when combined with surgery (McClary et al.,
2014).
1.3.3 Chemotherapy
Recently, two studies have been published on treating B-rapidly accelerated fibrosarcoma (BRAF)-mutated
ameloblastoma tumours. The first one was a late-stage ameloblastoma tumour (stage IV invasion with in-
trapulmonary metastasis), which was reduced in size using the BRAF V600E-inhibiting therapeutic agents
dabrafenib and trametinib (Kaye et al., 2015). In the second one, the BRAF inhibitor dabrafenib was ap-
plied to a mandibular ameloblastoma tumour with the BRAF mutation, which resulted in a 90% reduction
in tumour volume, although the tumour within the bone appeared less responsive to treatment and squamous
cell maturation among the tumour cells was noted (Tan et al., 2016). The authors also reported on a pending
clinical trial application on the use of a BRAF inhibitor for the treatment of ameloblastoma (Tan et al., 2016).
Other authors have recently also advocated the use of similar BRAF-inhibiting agents, such as vemurafenib,
to treat ameloblastoma tumours (Brown et al., 2014; Diniz et al., 2015; Heikinheimo et al., 2015; Sweeney
et al., 2014).
1.4 The molecular and genetic background of ameloblastoma
This section introduces some of the current research on how ameloblastoma tumour cells are thought to be-
come tumourigenic, able to grow within the jaw bones and invade surrounding tissues.
Until recently, most ameloblastoma research was concentrated on small studies of unquantifiable histological
examinations of excised tumours, case reports of single tumours, as well as follow-up studies and popula-
tion incidence studies. This is still the case to an extent, with case reports and histological observations of
ameloblastoma published weekly. Histological examination of tumour samples is variable, as staining of the
same sample can appear different to different people, and therefore great care must be taken to calibrate the
people examining the stained samples. The staining is often not reliably quantifiable, and comparisons be-
tween different studies where different people assessed the staining levels are difficult.
Furthermore, a lot of studies would benefit from increased sample numbers, which as ameloblastoma is a rare
tumour, have been low in a lot of studies (n = 2 (Lim et al., 2006), n = 5 (DeVilliers et al., 2011)), thereby con-
tributing very little reliable, reproducible data to the field. Additionally, consensus should be reached on the
type of tissue to be used as a default control or controls when examining ameloblastoma tumours, as studies
use a variety of other odontogenic tumour tissues, gingival tissues, tooth buds, making comparisons between
the various studies impossible (Heikinheimo et al., 2002; Carinci et al., 2003; Lim et al., 2006; DeVilliers
et al., 2011).
Some studies have attempted to increase variation, and have included data from other methods, such as qRT-
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PCR in their published studies. However, in some cases, this is found lacking due to the inexperience of the
authors in these techniques. An example of this is the RANKL study by Qian and Huang (2010) et al, where
essentially raw qRT-PCR data is offered without normalisation or calculations, and the reader is expected to
calculate it themselves.
Due to advances in high-throughput screening, there have been a handful of larger studies on causative molec-
ular mutations found in ameloblastoma tumours (Brown et al., 2014; Kurppa et al., 2014; Sweeney et al.,
2014), as well as earlier microarray studies highlighting some common mutations (Heikinheimo et al., 2002;
DeVilliers et al., 2011). These recent findings have shed light on the previously unknown molecular patho-
genesis of ameloblastoma tumours, and proven that ameloblastoma tumours have some characteristic genetic
abnormalities, including dysregulation of two main developmental pathways, the mitogen-activated protein
kinase (MAPK) and sonic hedgehog (SHH) pathways, which are described in detail below, starting with the
most significant mutations.
Furthermore, bone turnover genes which have been implicated in ameloblastoma tumours and tumour inva-
sion are also discussed in this section. Potential matrix metalloproteinase involvement in the expansion and
local invasion of this tumour is also described.
The major pathways implicated in ameloblastoma pathogenesis have been described separately for clarity, but
as with any biochemical pathways, there is a great degree of overlap and interplay between different proteins;
and different aberrantly expressed genes and proteins may be able to activate different pathways not discussed
here. Therefore, not all molecules implicated in e.g. cell motility are considered under the ‘motility’ heading.
1.4.1 Mitogen-activated protein kinase (MAPK) pathway
The mitogen-activated protein kinase (MAPK, also known as ERK) is responsible for cell growth, differentia-
tion and survival, by amplifying extracellular signals the cell receives through the RAS-RAF-MEK phospho-
rylation cascade (Sandra et al., 2006b; Kumamoto and Ooya, 2007b; Cargnello and Roux, 2011). A simplified
schematic of the MAPK pathway is depicted in fig. 1.2. Early studies into the involvement of this pathway
in ameloblastoma pathogenesis showed high epidermal growth factor (EGF) expression and activated (phos-
phorylated) MAPK1/2 in the tumour stroma, used by the tumour cells to induce cell proliferation and tumour
growth (Siqueira et al., 2010). EGF and its receptor EGFR, as seen at the top of the pathway in fig. 1.2, have
been studied in relation to ameloblastoma cell motility and invasion. The EGFR gene was found upregulated
in an oligonucleotide microarray study of ameloblastoma tumours (Lim et al., 2006). Addition of EGF was
found to increase ameloblastoma cell migration in an in vitro Transwell invasion study (Pinheiro da Rosa
et al., 2014), although this study was only carried out on primary cells from one tumour sample. EGFR was
prior to this abundantly expressed in 13 tumour biopsies (Siqueira et al., 2010), indicating that this pathway
may be used by ameloblastoma cells for migration and potential invasion.
As depicted in fig. 1.2, the transcription factors RAS and RAF are situated between EGFR and MAPK
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 29
Figure 1.2: A simplified schematic of the normal MAPK pathway, which activates transcription of several
genes in the cell nucleus, which are involved in at least cell differentiation and survival. The kinase cascade
phosphorylates RAS, RAF and MEK in order to activate them. MAPK is also known as ERK. RAF is present
in one of three isoforms, A-RAF, B-RAF or C-RAF. Image adapted from Garnett and Marais (2004); Wan
et al. (2004).
in the signalling pathway. The RAF family of proteins includes three isoforms: ARAF, BRAF, and CRAF,
where each isoform acts as an intermediary in the RAS-RAF pathway. In an immunohistochemistry study by
Kumamoto and Ooya (2007b), MAPK expression was found elevated in 45 out of 47 ameloblastoma samples
compared to no expression seen in ten tooth germ controls. Since then, mutations within the MAPK pathway
have been found in the majority of ameloblastoma cases: FGFR2 (fibroblast growth factor receptor-2, another
tyrosine kinase), RAS and BRAF mutations have been found in 78-88% of ameloblastoma tumours (Brown
and Betz, 2015).
RAF is the most commonly mutated oncogene in human cancers,leading to increased MAPK activity (Cully
et al., 2006; Garnett and Marais, 2004). Up to 100% of hairy cell leukaemias, 70% of malignant melanomas,
22% of colorectal cancers, 53% of thyroid and 3% of lung cancers have been documented to harbour a RAF
mutation (Garnett and Marais, 2004; Lito et al., 2013).
The most common mutation is a single-site missense mutation, often in the kinase domain of the RAF protein.
Wan et al found that a valine to glutamine by a thymidine to adenosine transversion at residue 600 accounted
for 90% of BRAF mutations in cancers (Wan et al., 2004).
Mutations in the MAPK pathway have been described as mutually exclusive driver mutations; it appears these
mutations activate the same oncogenic pathway (Wan et al., 2004). In ameloblastomas, the significance of
this BRAF mutation was only discovered in 2014 (Sweeney et al., 2014).
BRAF V600E
The V600E (valine to glutamine substitution) mutation in the protein leads to enhanced cell proliferation,
survival and neoplastic transformation (Brown et al., 2014). When comparing the frequency of this BRAF
mutation in odontogenic carcinomas and ameloblastomas, 36% of odontogenic carcinomas were found to
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have the mutation, compared to 82% of ameloblastomas (Diniz et al., 2015). In mandibular tumours, 72%
cases were positive for BRAF mutations, whereas 19% of maxillary tumours were positive (Sweeney et al.,
2014). Ameloblastomas with BRAF mutations were found to develop earlier than tumours without this mu-
tation (median age 34.5y vs 53.6y respectively) (Sweeney et al., 2014).
Additionally, BRAFmutations are common in several other epithelial tumours. Therefore, inhibitors of BRAF
V600E are clinically available, and are commonly used as treatments for melanomas with this mutation. The
previously discussed case report of a stage-4 ameloblastoma tumour reported by Kaye et al. (2015), was also
found to harbour a BRAF V600E mutation, and therefore responded to the anti-BRAF treatments. This treat-
ment was seen to be effective despite previous treatment regimes, although there appeared to be a resistant
tumour cell population at the original site after treatment (Kaye et al., 2015).
RNA interference (RNAi) could also be used as a potential therapeutic solution, as application of it on BRAF
was reported to reduce MAPK activity and increased apoptosis in treated cells (Garnett and Marais, 2004).
Mutations in the MAPK pathway appeared to be critical in ameloblastoma pathogenesis in most cases (Brown
et al., 2014). Based on these results, the MAPK pathway is currently likely to be the most important causative
pathway for the activation of ameloblastoma tumour growth.
1.4.2 Sonic hedgehog (SHH) pathway
The sonic hedgehog (SHH) pathway and parts of it play a role in normal tooth development, especially during
epithelial cell proliferation (Zhang et al., 2006; Mishra et al., 2015), and it has therefore been widely studied
in ameloblastoma biopsies for its potential role in tumour growth and invasion. Aberrant SHH activation has
been related to tumour formation, with constitutive activation in adulthood associated with many malignan-
cies (Gurgel et al., 2010). A simple diagrammatic view of the SHH pathway is seen in fig. 1.3.
Figure 1.3: A simplified schematic of the Sonic Hedgehog (SHH) pathway. PTCH-1 (Patched-1), when
unbound to SHH inhibits SMO (Smoothened) function and activation of the SMO pathway. When bound
to SHH, the SHH-PTCH complex activates SMO and the downstream GLI (Glioblastoma) cascade to act on
target genes in the nucleus. Image adapted from McMahon (2000); Kanda et al. (2013).
All 36 ameloblastoma biopsies investigated in an immunohistochemistry study by Kumamoto et al were
found to have increased expression of SHH, patched-1 (PTCH-1), smoothened (SMO) and glioblastoma-
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1 (GLI1) (Kumamoto et al., 2004b). Similar results for expression of other factors downstream of SHH,
namely SMO, PTCH-1, GLI1, BCL-2, have been reported in other studies using both histological staining
and qPCR (Gurgel et al., 2010; Zhang et al., 2006, 2010b). Confirmation of SHH pathway involvement in
ameloblastomas was reported in 2014, with the SHH downstream factor SMO predominantly mutated in max-
illary ameloblastoma tumours (Sweeney et al., 2014).
However, other odontogenic tumours, such as nine samples of calcifying epithelial odontogenic tumours, ten
samples of adenomatoid odontogenic tumours and nine samples of calcifying odontogenic cysts showed sim-
ilar SHH pathway expression patterns in a small immunohistochemical study as 15 ameloblastoma samples
(Zhang et al., 2006). Considering the important function of SHH during tooth development, and the tissue
remnants ameloblastomas and other odontogenic tumours are thought to arise from, this expression in most,
if not all, odontogenic tumours should be expected. AM-1 proliferation has been shown to be significantly
inhibited by the addition of a SHH-neutralising antibody, and the apoptotic response of the treated cells was
restored (Kanda et al., 2013). All parts of the SHH pathway are therefore candidates for contributing to the
development and the biological behaviour of ameloblastoma, as well as potential therapeutic targets.
Patched-1
As seen in the schematic in fig. 1.3, patched-1 (PTCH-1) a signalling factor involved with activating the
SHH pathway when bound in a complex with SHH. The PTCH-1 protein on its own is an inhibitor of the
SHH pathway as it represses SMO receptor signalling (Gurgel et al., 2010). A mutation (polymorphism)
in the PTCH-1 gene has been suggested as a predisposing factor (Kawabata et al., 2005). Two studies,
one of which used 8 ameloblastoma biopsies and 20 tooth germs as controls (Heikinheimo et al., 2002)
and another with total genomic DNA from 14 ameloblastoma patients and 35 controls with no odontogenic
disease (Kawabata et al., 2005), found abnormal PTCH-1 expression in the ameloblastoma samples but not in
the control tissues, strengthening the possible role of a PTCH-1 mutation as predisposing in ameloblastomas.
In a small microarray study, PTCH-1 was found aberrantly expressed in all five ameloblastoma samples
examined (DeVilliers et al., 2011).
Smoothened
The SMO molecule is normally inhibited by unbound PTCH-1, and it has long been thought that mutations
and polymorphisms in PTCH-1 affect ameloblastoma risk (Heikinheimo et al., 2002; Kawabata et al., 2005).
The latest research has implicated SMO, a downstream factor of SHH in ameloblastoma tumours of the max-
illa, indicating two distinct subclasses of ameloblastoma tumours with different molecular expression patterns
of SMO and BRAF (Sweeney et al., 2014). Over half of maxillary ameloblastomas were found positive for
SMO mutations, whereas only approximately 6% of mandibular origin tumours were SMO positive (Brown
et al., 2014). A subsequent study found a SMO mutation in 39% of ameloblastoma cases (Brown and Betz,
2015). The SMO mutation most commonly identified was a L412F mutation (leucine to phenylalanine at
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amino acid 412), with another common SMO mutation being a F412E (phenylalanine to glutamic acid) sub-
stitution (Brown and Betz, 2015; Diniz et al., 2015).
Over half of tumours where SMO was found mutated and approximately 15% of BRAF-mutated tumours re-
curred within 3 years of initial treatment Sweeney et al. (2014). Currently, SMO inhibitors are only effective
in tumours which have a specific mutation to inactivate PTCH-1, as extensive resistance to therapies has been
reported when SMO-only inhibitors have been used on ameloblastomas (Sweeney et al., 2014).
1.4.3 Wingless-type (Wnt) pathway
Mutations in parts of the canonical Wingless-type (Wnt) pathway have also been reported in ameloblastoma,
and this pathway is, together with the MAPK and SHH pathways, currently one of the main pathways im-
plicated in ameloblastoma pathogenesis (MacDonald et al., 2009; Sathi et al., 2009, 2012). The pathway is
visualised in a simplified schematic in fig. 1.4. Many of the proteins in this pathway are also involved in os-
teoblastic differentiation (Sathi et al., 2012). Secreted frizzled-related protein (sFRP), which is an antagonist
to the Wnt pathway, has been found expressed by ameloblastoma cells, and shown to inhibit osteoblastogen-
esis by preventing the normal function of  -catenin (Sathi et al., 2009).
Figure 1.4: A simplified schematic of the WNT pathway. WNT binds to Frizzled (FRZ), which then binds to
Dishevelled (DSH). This then inhibits degradation of the  -catenin complex, allowing  -catenin translocating
to the nucleus and transcription of target genes. Pathway image adapted from (MacDonald et al., 2009).
 -catenin
The CTNNB1 gene codes for  -catenin within the Wnt pathway, and some studies have implicated both the
gene and the resulting protein as responsible for increased ameloblastoma cell survival and motility (Ku-
mamoto and Ooya, 2005). The molecule is also involved in bone turnover: when Wnt expression is disrupted,
 -catenin is ubiquinated for destruction, resulting in a reduction of osteogenesis (Sathi et al., 2012). A few
studies have examined the involvement of  -catenin in ameloblastomas, although these have generally in-
volved a hand-full of samples; thus more extensive studies with more samples would be needed on  -catenin
expression in ameloblastoma tumours. However, immunostaining of  -catenin in biopsy samples has shown
consistent expression in all samples (Kumamoto and Ooya, 2005).  -catenin has also been found expressed
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in both primary and recurrent ameloblastoma tumours, and may thus contribute to the increased local invasion
of ameloblastoma tumours (Siar et al., 2015).
1.4.4 Bone turnover in ameloblastoma
The main concepts of bone biology, proteins and genes involved in the synthesis and resorption of bone
tissue in vivo are discussed in more detail in section 1.10. Here, some of the bone signalling pathways which
have been found aberrantly expressed in ameloblastoma tumours and implicated in tumour-mediated bone
resorption are considered.
Osteoprotegerin
Osteoprotegerin (OPG) is a decoy receptor for receptor activator of nuclear factor-B ligand (RANKL), and
prevents RANKL from binding to its target and activating osteoclasts as seen in fig. 1.5. Lower levels or a
lack of the OPG molecule leads to osteoclastogenesis, as the lack of this decoy receptor allows for activation
of RANKL. The OPG molecule has consistently been found expressed in ameloblastoma samples, and often
at higher levels than RANKL (Kumamoto and Ooya, 2004; Iakovou et al., 2015). However, OPG can also,
instead of binding to RANKL, bind to TNF-related apoptosis-inducing ligand (TRAIL), limiting its apoptotic
potential, while simultaneously rendering RANKL able to activate osteoclastogenesis in bone tissues and
potentially also in ameloblastoma tumours (Sandra et al., 2006a).
Figure 1.5: A simplified schematic of the osteoclast activation pathway. RANKL is expressed on osteoblasts,
as well as on some other cell surfaces. OPG (in red) and RANK (in blue) both bind to RANKL, but
only RANKL binding induces osteoclast precursor activation and osteoclast formation. OPG, by inhibit-
ing RANKL, therefore promotes bone synthesis whereas RANKL promotes bone resorption. Adapted from
(Boyce and Xing, 2006).
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RANKL
The receptor activator of nuclear factor-B ligand (RANKL) is an essential cytokine for regulating tumour-
bone interactions, bone metastases and tumour invasion into bone tissues in several types of tumours; notably
those of the facial skeleton (Tay et al., 2004; Tekkesin et al., 2011). In an immunohistochemistry study
on primary ameloblastoma samples, RANKL staining was seen in both tumour and stromal cells in solid
ameloblastoma tumours (Iakovou et al., 2015). Osteoclasts were found to appear on the ameloblastoma tu-
mour border, which suggests that the tumour cells secrete factors to induce osteoclastogenesis (Sandra et al.,
2005a).
Studies carried out on ameloblastoma samples indicate that the tumour cells have an ability to recruit and
promote the differentiation of osteoclasts through RANKL signalling, enabling the tumour cells to resorb the
bone around them (Sandra et al., 2005a; Wang et al., 2008; Qian and Huang, 2010). RANKL-induced osteo-
clastogenesis has been shown to play an important role in tumours with higher local invasion capacity and
more aggressive behaviour, such as oral squamous cell carcinoma (Kearns et al., 2008; Jimi et al., 2011; Quan
et al., 2012). Expression of RANKL and OPG especially in the mesenchymal cells within the tumour stroma
have been found to regulate bone metabolism locally, potentially aiding local tumour invasion (Kumamoto
and Ooya, 2004; Sathi et al., 2008).
Nuclear factor-B
Nuclear factor-B (NFB) is a transcription factor responsible for a variety of cellular functions, including
cellular survival (Hendarmin et al., 2008), and bone turnover as a downstream factor of RANKL (Hofbauer
and Heufelder, 2000; Ghosh and Karin, 2002; Karin, 2006). NFB has been found to be constitutively
activated in oral squamous cell carcinomas and to promote the invasion of these tumour cells (Furuta et al.,
2012).
83% of ameloblastoma tumour biopsies were found to stain positive for NFB in a study, with stronger
staining found on cells on the surface of the tumours, indicating a stronger anti-apoptotic potential in these
cells in all 24 samples studied (Hendarmin et al., 2008). NFB was also found to promote cell survival by
preventing apoptosis in AM-1 cells (Hendarmin et al., 2008).
1.4.5 Ameloblastoma cell-mediated extracellular matrix breakdown
Some genes implicated in ameloblastoma pathogenesis have a clear effect on the ability of the tumour cells
to locally invade the tissues surrounding it. The roles of various MMPs and other proteins involved with
ECM breakdown in ameloblastoma tumours is summarised in table 1.1. It should however be noted that a
majority of the studies outlined here have been carried out using immunohistochemical techniques, which
give no indication of the MMPs enzymatic activity; MMP activity studies should be performed in addition to
IHC staining for MMP localisation within the ameloblastoma tumours.
The EGF and EGFR mutations discussed in section 1.4.1 have also been linked with increases in MMP
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synthesis and activity (Pinheiro da Rosa et al., 2014). A major source for MMP activity in tumours are
stromal cells, which are recruited to the vicinity of the tumour cells, which can then aid tumour cell invasion
and growth (Sahai, 2005; Kessenbrock et al., 2010).
Table 1.1: Expression of molecules involved in cell-mediated ECM breakdown in ameloblastoma tumours.
Details of the experimental set-up and normal function of the molecule in question are also given. ‘N’ is
the number of ameloblastoma samples used in the study. ‘Control’ details the tissue or cell type used as a
control. MMP - matrix metalloproteinase, AOT - adenomatoid odontogenic tumour, CCOT - calcifying cys-
tic odontogenic tumour, KCOT - keratocystic odontogenic tumour, IHC - immunohistochemistry, RECK -
reversion-inducing cysteine-rich protein with Kazal motifs, WB - western blotting, ICC - immunocytochem-
istry
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Generally, the findings agree that MMP-2 is present in the mesenchymal cells surrounding the tumour, and
on the tumour periphery, where it is thought to aid with local invasion. MMPs present in ameloblastoma tu-
mours may mediate bone resorption and the tumour cells may use growth factors released from absorbed bone
to grow further (Siqueira et al., 2010). As MMPs mediate changes to the ECM during tumour progression,
they can clinically be considered targets of anti-cancer therapy. Tissue inhibitors of matrix metalloproteinases
(TIMPs) are the major physiological inhibitors of MMPs; but they are also thought to play a role in the activa-
tion of MMPs at lower concentrations (Curran and Murray, 2000; Egeblad andWerb, 2002). A study byWang
et al. (2008) examined MMP inhibition in ameloblastoma tumours by applying MMP-2-inhibiting TIMP-2 to
AM-1 cells in vitro, and found that invasion of the cells was inhibited in an in vitro Transwell invasion study
(Wang et al., 2008). A subsequent study induced the TIMP-2 gene in nude mice with human ameloblastoma,
resulting in a reduction in tumour size (Zhang et al., 2010a).
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 36
1.4.6 Mutations to cell adhesion molecules
Studies have mapped out various mutations to cell adhesion molecules, such as integrins, in ameloblastoma.
These are detailed in table 1.2.
Table 1.2: Mutations to cell adhesion molecules in ameloblastoma samples. Expression of various molecules
involved with cell adhesion is detailed together with the experimental set-up and normal function of the
molecule in question. ‘N’ is the number of ameloblastoma samples used in the study. ‘Control’ details the
tissue or cell type used as a control. IHC = immunohistochemistry, AOT = adenomatoid odontogenic tumour,
CCOT = calcifying cystic odontogenic tumours, OOT = other odontogenic tumours.
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1.4.7 Ameloblastoma apoptosis prevention
Ameloblastoma cells in parts of tumours proximal to bone tissue have been found to proliferate faster than
cells elsewhere in the tumours (Pinheiro et al., 2004). The increased expression of BCL-2 in cells on the
periphery of the ameloblastoma tumours, as detailed in table 1.3, may in turn increase cell proliferation
(Mitsuyasu et al., 1997; Sandra et al., 2001). Furthermore, BCL-2 and SHH expression have been found to
co-localise in histological ameloblastoma samples to cells with a high proliferation rate within the tumours,
indicating an increase in cell viability and apoptosis prevention in these cells (Kanda et al., 2013).
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Table 1.3: Summary of expression of molecules involved in apoptosis prevention in ameloblastoma tumours,
together with the experimental set-up and normal function of the molecule in question. ‘N’ is the number of
ameloblastoma samples used in the study. ‘Control’ details the tissue or cell type used as a control. Tumour
necrosis factor (TNF)-↵,TNF-related apoptosis-inducing ligand (TRAIL), IHC = immunohistochemistry, WB
= western blotting, ELISA = enzyme-linked immunosorbent assay,
Name Function N, con-
trol
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Details of other proteins found aberrantly expressed in some ameloblastoma tumour samples are shown in
table 1.4. These include various inflammatory factors but also genes involved in enamel formation in devel-
oping teeth.
Again, the wide variety of control choices is seen in these studies, with no consensus making comparison dif-
ficult as actual staining levels remain unknown. Furthermore, studies such as the one by Iezzi et al detailed in
table 1.4, which group ameloblastoma into tumour less and more likely to recur, without controls for staining
nor data on patient follow-ups (i.e whether the tumours did occur or not), clearly lack in experimental design.
To summarise, a few major pathways currently appear to play significant roles in ameloblastoma patho-
genesis, with the BRAF mutation in the MAPK pathway appearing to be the major causative mutation
(Sweeney et al., 2014), with SHH/SMO pathway mutations a close second (Brown and Betz, 2015). How-
ever, many researchers have previously attempted to uncover causative mutations, and therefore there is a
wide range of studies available. Many of these have found under- or overexpression of genes and proteins
involved with cell-to-cell attachment and cell-to-matrix attachment, leading to increased cell motility, which
is especially relevant for the locally invasive ameloblastoma tumour.
Mutations have also been uncovered in apoptosis prevention, leading to increased survival of the mutated
tumour cells (Gomes et al., 2010; Brown and Betz, 2015), as well as mutations in interleukins, TNF-↵ and
other molecules, which can all lead to increased RANKL levels and thereby increased osteoclast activation,
further contributing to tumour progression and bone resorption (Sathi et al., 2008; Jimi et al., 2011). As with
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Table 1.4: Expression of enamel matrix proteins, vascular markers, immune factors in ameloblastoma tu-
mours and the experimental set-up and normal function of the molecule in question. ‘N’ is the number of
ameloblastoma samples used in the study. ‘Control’ details the tissue or cell type used as a control. IHC =
immunohistochemistry, OT = other odontogenic tumours, NOM = normal oral mucosa CCOT = calcifying
cystic odontogenic tumour.
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other tumours, many individual ameloblastomas also appear to have unique mutations, enabling individual
tumours to improve their invasion and survival, and making the disease picture more complex.
1.5 Knowledge gap
There have recently been a few of ground-breaking studies looking at the potential genetic and molecular
causes of ameloblastoma, relating to a few pathways and putative genetic causes. However, little is known
about the cellular events leading up to the growth of the tumour, its initial developmental stages, how the
tumour invades its surrounding ECM and bone tissue and how this all could be detected.
Whereas potential genetic abnormalities and aberrant signalling mechanisms could be used to indicate pre-
disposition to the tumour, and potentially to aid prognosis, inhibiting the growth and stopping bone and soft
tissue invasion of the tumour will be critical in treating ameloblastoma tumours and improving the quality of
life of patients. Attempting to answer some of these questions by developing an in vitro scaffold in which
ameloblastoma can be modelled formed the basis of this study.
1.6 The need for an in vitro ameloblastoma model
Numerous in vitro 2D studies of ameloblastomas have been carried out, mostly using the AM-1 cell line, as
well as studies on ameloblastoma biopsies, with most of these being immunohistochemical analyses of various
proteins in the tumours. Currently, a wide variety of methods are used for characterising ameloblastoma in
vitro. These are summarised in table 1.5, along with some of the major positives and negatives for using each
type of model.
As ameloblastoma initially forms inside the jaw bones, which it then invades, a bone-like organotypic
model was one of the two models developed during this project. The models developed here sought to im-
prove on the past models by incorporating the best aspects of each of them in one model, i.e. organotypic, 3D,
mineralised, collagen-based bone-like scaffolds with bone-like cell behaviour for modelling ameloblastoma
within the jaw bones, and a collagen-based soft tissue mimic to model ameloblastoma growth within the soft
tissues.
By using tissue engineering techniques to achieve a reproducible and cheap biomimetic in vitro model for
ameloblastoma, large numbers of ameloblastoma tumour samples could ultimately be examined for gene ex-
pression, protein production and cell behaviour to provide large, reliable data sets on the tumour. Tumour cell
growth, progression and local invasion could also be monitored, specifically with the aim of elucidating which
pathways and molecules the tumour cells use to reach a larger size within their native tissues. Additionally,
in vitro organotypic scaffolds also allow for testing of potential therapeutic agents, which could also be useful
for ameloblastoma research.
However, a post hoc model made with cells from excised tumours and ECM factors will not be able to find
out the causes of ameloblastoma. The models developed during this study can therefore only be used for
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Table 1.5: Summary of in vitro ameloblastoma models. The type of model used is summarised, along with
whether the model includes the cells in 2D or 3D. The major positives as well as negative sides for each model
are also included.
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determining sone molecular events and aberrant signalling pathways which may contribute to tumour growth,
progression and tissue invasion, and attempt to control these to make the tumour easier to treat in a clinical
situation.
Due to difficulties in obtaining either another cell line for use in this system or fresh ameloblastoma tissue,
this model was only developed using one cell line, AM-1. In order to successfully engineer a suitable scaffold
and successfully develop organotypic ameloblastoma models, the properties of healthy native tissues need to
be considered.
To ensure the scaffolds used are biomimetic, the decellularised mineralised bone substrate Bio-Oss will be
used to make a compressed collagen and bone granule composite. This set-up provides the bone-like scaffolds
with mineral without the cellular component. By additionally incorporating human cells to the constructs, the
co-cultures are provided with human proteins and cell-to-cell interactions. Similarly, soft tissue models with
compressed collagen and Matrigel will be developed in order to develop soft tissue ameloblastoma co-culture
models.
After ameloblastoma (AM-1) cell addition, these two co-culture models with ameloblastoma tumour cells and
bone cells or fibroblasts could provide a useful tool for observing tumour growth in 3D, cell motility inside
the tissue models, and the rate of bone turnover and matrix degradation caused by the ameloblastoma cells.
By creating these 3D in vitro models for ameloblastoma using human cell lines, the findings can be more
directly applied to human patients rather than if animal models or 2D culture had been used. Furthermore, by
incorporating more than one cell type in the culture models, the relevance of the models is increased.
A number of recent studies have begun to assess the effects of novel anti-cancer drugs within organotypic
3D models (Smalley et al., 2008; Nyga et al., 2011). Potential therapeutic agents will therefore also be tested
on this co-culture model to attempt to inhibit the progress of the disease, provided the model is sufficiently
like the in vivo structure, and an improved, targeted treatment for ameloblastoma could be developed.
The three-dimensional models presented here also provide an improved environment compared to tra-
ditional in vitro studies with regards to drug actions and diffusion through tissues and organs. Cells in 2D
environments are easily disrupted by therapeutic agents, however the efficacy of therapeutics applied is al-
ready greatly reduced in a simple 3D model (Weigelt et al., 2014). This change in efficacy and function of
therapeutic agents is partly due to the different cell conformations in 3D matrices, but also due to the pres-
ence of extracellular matrix factors, proteins and fibres in 3D matrices, which are able to physically inhibit
the actions of the drug molecules (Weigelt et al., 2014).
1.7 Tissue engineering organotypic models
Tissue engineering is the use of a combination of scaffolds, proteins and cells in vitro to synthesise complex
cellular constructs for tissue replacement or as models of tissues and disease (Langer and Vacanti, 1993). The
second part of this introductory chapter considers the background to tissue engineering, specifically for the
development of bone-like and soft tissues, as well as suitable scaffolds and cells to use to achieve organotypic
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scaffolds in vitro.
Organotypic models aim to capture complex biological and physiological interactions in vitro. This is achieved
by closely modelling physiological mechanics and architecture of tissues, cellular complexity and cell-to-cell
interactions. Organotypic models are currently favoured as a method to establish a more in vivo-like envi-
ronment for cell growth in vitro (Weigelt et al., 2014).Two-dimensional (2D) cell cultures of monolayers on
tissue culture plastic (TCP), which are conventionally used for cell cultures, drug efficacy studies and pre-
animal models, provide the cells in culture with no environmental cues (Burdett et al., 2010). Furthermore,
traditional cell culture also suffers from a lack of stroma, leading to a lack of cellular architecture and cell-
to-cell and cell-to-matrix interactions (Kim et al., 2004). Culturing cells in three-dimensional (3D) matrices
has been shown to have an tissue-like effect on cellular behaviour, including adhesion, mechanotransduction,
contraction, differentiation and survival (Lutolf and Hubbell, 2005; Griffith and Swartz, 2006). Cells in 2D
often exhibit remarkably different behaviour to more complex 3D tissues, with some major differences be-
tween 2D and 3D cell culture, including cell appearance and survival, as well as anti-cancer agent function
(Weaver et al., 1997; Santini and Rainaldi, 1999).
The 3D environment is also advantageous for scaffold remodelling and other morphogenic events over a
longer culture time (Griffith and Swartz, 2006; Tsuda et al., 2007).
Additionally, cell proliferation in 3D cultures has been shown to be more physiologically relevant, i.e. slower
(Hutmacher, 2000). Cell polarity, especially in epithelial cell lines, has been shown to persist in 3D cultures,
which is important for in vivo-like cell behaviour (Kim et al., 2005).
The use of 3D tissue models makes it possible to obtain close-to-physiological responses and processes, es-
pecially to (novel) drug therapies (Astashkina and Grainger, 2014). In general, 3D modelling provides the
cells cultured within the scaffold with a well defined geometry, cell-to-cell and cell-to-matrix interactions,
support from stromal elements and cellular heterogeneity (Kim et al., 2004). In addition, cultures of cells
with heterogeneous phenotypes can be similar to intact tumours, with the 3D scaffolds providing the cells
with an in vivo-like environment (Kim et al., 2004). Therefore, what is required for basic organotypic model
development is a simple, predictable and reproducible scaffold, designed to mimic specific aspects of a tissue
(Brown, 2013).
However, establishing true and reliable in vitro models is difficult, as the in vivo cell microenvironment
consists of a variety of cell-to-cell interactions, cell-ECM interactions and cell-soluble factor interactions,
which make up a complex array of physical, chemical and electrical information about their surroundings
(Friedl and Brocker, 2000; Hakanson et al., 2014).
It should also be remembered that perfect in vitromodels do not exist - an ideal model is an intact, native tissue
(Kim et al., 2004; Villasante and Vunjak-Novakovic, 2015). It is also difficult to achieve perfect physiological
models, as different in situ tissues and in vitro tissue models have different nutrient gradients, often lack blood
flow and exhibit differences in oxygen perfusion (Hakanson et al., 2014).
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1.7.1 Tumour models as organotypics
Tumour engineering has been defined as the construction of complex models of the in vivo tumour microenvi-
ronment to study tumour development, progression and therapy (Ghajar and Bissell, 2010). In short, engineer-
ing organotypic tumour models makes use of tissue engineering techniques to study complex environments in
cancer biology (Gill and West, 2014). In 1889, the importance of the tumour microenvironment was noted in
Paget’s “seed and soil” hypothesis, where the tumour and its microenvironment appeared connected (Langley
and Fidler, 2011; Villasante and Vunjak-Novakovic, 2015). Tumour microenvironment instability has been
linked to increased tumour progression, i.e. invasion, and the microenvironment also further contributes to the
instability of the tumour itself (Bindra and Glazer, 2005). Indeed, the microenvironment is now recognised
as is a crucial regulator in the evolution of the tumour, progression of tumour growth, as well as the outcome
of treatment (Polyak et al., 2009; Hakanson et al., 2014).
Organotypic models allow for systematic investigation into unknown regulatory feedback mechanisms
between tumour cells and other cells present in the microenvironment (Kim et al., 2004). Organotypic tu-
mour models can be used to mimic tumour-stromal interactions, interactions between different cell types and
protein signalling in the tumour (Chioni and Grose, 2008; Szot et al., 2011; Villasante and Vunjak-Novakovic,
2015). Evidence suggests that unpredictable changes in and a dysfunction of the tumour stroma are as impor-
tant in the formation of a tumour, as the initial cellular mutations which caused the tumour to form (Albini
and Sporn, 2007).
Important things to consider when developing organotypic tumour models include the different cell types in
and around the tumours, the co-localisation of these cells, any cell-cell interactions and exchange of growth
factors (Kim et al., 2004). Additionally, tissue-engineered organotypics also lend themselves to co-culture
development and the exploration of cell-to-cell interactions with the stroma playing an important part here, as
it maintains populations of fibroblasts, macrophages, and endothelial cells (Hutmacher, 2000; Burdett et al.,
2010).
More predictive organotypic models have the potential to decrease costs for drug development for both target
validation as well as screening, and to reduce the use of animals in research (Hakanson et al., 2014). More
representative and reproducible in vitro models will enable more reliable biomarker detection (Burdett et al.,
2010). 3D tumour models also allow for improved pre-clinical drug candidate testing, as optimised 3D culture
systems enable high-throughput imaging and screening of compounds using e.g. microarrays of the tumour
cells within an organotypic co-culture environment (LaBarge et al., 2014; Roth and Singer, 2014).
Today, 3D culture models range from cancer spheroids to multiple cell line models used to mimic the
tumour microenvironment (Nyga et al., 2011). In the head and neck region, 3D tumour models have previ-
ously been made for e.g. oral squamous cell carcinoma using collagen-based 3D cultures with cancer cells
and fibroblasts(Che et al., 2006; Chaudhry et al., 2013), and tongue squamous cell carcinoma in another
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collagen-based co-culture with fibroblasts (Nurmenniemi et al., 2009).
Tumour nutrients and oxygen
Due to the lack of vasculature in this type of tissue-engineered tumour construct, oxygen and nutrient supply
is crucial. Especially oxygen availability is critical and it is often the first factor to become limiting (Liu et al.,
2003). Without a blood supply, only simple nutrient and oxygen diffusion is possible; this can greatly affect
the behaviour of the cells in the scaffold and is something which needs to be considered when modelling
tissues and tumours in vitro. The limiting size for tissue-engineered constructs is around 200µm (Carmeliet
and Jain, 2000; Liu et al., 2003). This is around the same maximum distance from capillaries that cells can
be under physiological conditions (Radisic et al., 2006; Malda et al., 2008; Lovett et al., 2009). Despite
this, physiological oxygen and cell numbers have been reported to exist in only the first 128µm of a tissue-
engineered construct (Radisic et al., 2006).
Of course, this small distance does not only provide the cells with oxygen, but also with nutrients as well as a
mechanism for removing waste products - a lack of any of these may cause an increase in dead or dying cells
within the tissue-engineered constructs.
1.8 The extracellular matrix
Cells in tissues and tumours exist surrounded by a complex mixture of proteins and molecules which together
form the extracellular matrix (ECM). In the following sections, the native compositions of ECM and bone
tissue are considered in order to provide a background to the type of tissues the organotypic constructs de-
veloped during this study attempt to mimic. Subsequently, suitable scaffold materials for tissue engineering
ameloblastoma models are discussed.
Normal ECM is made up insoluble hydrated macromolecules, consisting of different types of collagens
(mainly types I and II, but also IV, XV and XVIII), non-collagenous glycoproteins (laminin and fibronectin),
as well as sulphated glycosaminoglycans and soluble factors of different kinds (Lutolf and Hubbell, 2005;
Hynes, 2009). In addition to these insoluble proteins, there are also soluble macromolecules, such as growth
factors, chemokines and other signals, secreted by the cells within the matrix, as well as proteins on the sur-
faces of cells, which provide cues to the other cells within the ECM (Lutolf and Hubbell, 2005).
The main ECM molecules are conserved through evolution and are synthesised by fibroblasts, endothelial
cells, pericytes and leukocytes (Hubbell, 2003). These different cell types and the varying quantities of ECM
fibres they secrete lead to tissue-specific cellular microenvironments. Explanted ameloblastoma cells and
cells from the AM-1 cell line have been shown to produce abundant ECM proteins in 2D culture (Harada
et al., 1998).
The main function of the ECM is to anchor the cells in the tissue and provide them with their appropriate
growth environment, structural support, nutrients and macromolecular cues about the tissue state and bio-
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chemistry (Hubbell, 2003). Cues both from the ECM to the cell nucleus and the nucleus to the ECMmaintain
tissue integrity. Discrete domains in the ECM also act as a reservoirs for growth factors, which are released
at appropriate times enabling patterning during development (Hynes, 2009).
Cell adhesion to ECM ligands is critical for mediation of signals for numerous physiological processes. This
signalling is mostly carried out by integrins, which are transmembrane receptors that bind the cell cytoskele-
ton to the ECM. Matrix properties such as dimensionality and rigidity affect cell attachment, so the ECM also
plays a role in tissue remodelling as well as cell invasion (Harjanto and Zaman, 2009).
It is increasingly recognised that the tumour stroma is an integral part of tumour development and growth
processes (Pietras and Ostman, 2010). A variety of ECM components, such as collagen type I and proteo-
glycans, are present in tumour ECM at higher concentrations than in normal tissues, and the architecture of
these proteins has been shown to change within tumours with disease severity and increased risk of metastasis
(Martin and Boyd, 2008; Ulrich et al., 2010). This important role of the microenvironment in tumour devel-
opment and progression can to a large extent be explained by domains within the ECM proteins, which act
as growth factor receptor ligands, as well as the aforementioned reservoirs for growth factors released upon
ECM breakdown (Hynes, 2009).
Increased stiffness of the substrate further induces greater tumour cell migration and invasion (Ulrich et al.,
2010). In some cases, the stroma has been found to provide prognostic and response-predictive information,
and novel treatment targets within the microenvironment of tumours have been identified (Pietras and Ostman,
2010).
1.9 Scaffolds for tissue engineering
Scaffolds used for organotypic tissue engineering need to mimic the cell-to-ECM interactions and support
reciprocal, bi-directional signalling from both the cells to the ECM and the ECM to cells (Hubbell, 2003;
Lutolf and Hubbell, 2005). 3D tumour models benefit from an as in vivo-like ECM composition as possible,
and in practice one or two different matrix materials are often combined to produce organotypic models.
Biomaterials currently used for bone tissue engineering can be characterised in several groups: ceramics,
such as strontium releasing bioactive glasses; hydroxyapatite (HA) mineral containing scaffolds; synthetic
polymers; and natural polymers such as collagen type I sponges, porous foams, gelatin scaffolds and de-
mineralised bone matrices (Koh and Atala, 2004; Place et al., 2009; Williams et al., 2010; O’Brien, 2011).
Various commercially available bone biomaterials have been developed in the last few decades, including os-
teoinductive materials such as composites of poly(lactic-coglycolic acid) (PLGA) and HA; hybrid synthetic
and natural scaffolds, co-polymers (PLGA-PCL) and HA-collagen or HA-gelatin composites (Place et al.,
2009; Amini et al., 2012).
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For soft tissue engineering, synthetic polymer scaffolds, such as those discussed in section 1.10.2, and
natural polymers such as collagen, fibrin, hyaluronan and agarose are used. These are modified in various
ways, mostly at the point of synthesis, to suit the potential applications, by methods such as electrospinning
(Bonzani et al., 2006); plastic compression (Brown et al., 2005); or used as hydrogels of various compositions
(Brown and Phillips, 2007). Collagen scaffolds are discussed in more detail in section 1.10.3.
1.10 Bone biology
Bone ECM is a nanocomposite, made up of roughly 60% inorganic mineral, 30% organic material, and 10%
water (Currey, 2002; Jayakumar and Di Silvio, 2010). Collagen makes up 85-90% of the protein in the non-
mineralised, organic component. Most of the collagen found in the tissue is type I, but small amounts of
collagen type IV are also present. Collagen inside bone is more cross-linked than in other tissues, contribut-
ing to the strong and inert structure (Jayakumar and Di Silvio, 2010). Large spaces within the structure allow
for mineral deposition onto the collagen fibres, thus also reinforcing the structure (Currey, 2002).
The mineral is deposited in the form of hydroxyapatite (HA; Ca10(PO4)6(OH)2) crystals, which also forms
the non-organic component (Stevens, 2008). HA crystals are small, 2-3nm thick plates, which precipitate onto
the collagen fibres (Mistry and Mikos, 2005). Additionally, there are some non-collagenous matrix proteins
present in the bone structure, such as proteoglycans and sialoproteins, which contribute to the signals in the
bone environment, as well as water to contribute to its mechanical properties (Currey, 2002).
The mechanical properties of bone are one of its defining features, with the structure of the mineralised matrix
important for its mechanical integrity. Because of the interaction of the rigid HA crystals providing compres-
sive strength and the collagen fibres providing tensile properties, bone is tough and flexible, enabling it both
to withstand a high degree of compression and to be resistant against fractures (Mistry and Mikos, 2005).
Macroscopically, cortical bone has a compressive stiffness of 12-20GPa, whereas cancellous bone has one
of less than 1GPa (Froehlich et al., 2008). Importantly, bone is a directionally stiff material which enables it
to function in vivo; the long axis of cortical bone has been measured to have a Young’s modulus of 17GPa,
but only 9.6GPa when measured in the transverse direction (Froehlich et al., 2008).
Two cell developmental lineages are responsible for the development and maintenance of bone: cells from
the osteoblastic lineage include active osteoblasts, as well as osteocytes. Osteoblasts are well adapted to syn-
thesise and secrete copious amounts of bone matrix, collagens, and cytoskeletal proteins in order to maintain
bone tissue (Jayakumar and Di Silvio, 2010). Osteocytes are osteoblasts with a lower metabolic activity, and
reside inside lacunae in bone (Gartland et al., 2012b). They make up 90% of the cells inside bone in a normal
skeleton (Jayakumar and Di Silvio, 2010).
The second developmental lineage is a haematopoetic one, with osteoclasts originating from a macrophage-
derived lineage. In vivo, the mineralised ECM is synthesised by osteoblasts, which produce most of the
CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 47
organic components in the tissue. The function of osteoclasts is to resorb bone both during normal develop-
ment and disease (Jayakumar and Di Silvio, 2010; Gartland et al., 2012b).
Bone turnover has been documented to vary in different anatomical locations, with a higher rate found
in the jaws, specifically the mandible (Aghaloo et al., 2010). Maxillary and mandibular bones are made up
of a thin layer of cortical bone around a centre of cancellous bone, and the higher turnover in these bones is
thought to be caused by mastication (Aghaloo et al., 2010). Mastication can in this instance be thought of as
a type of cyclic loading, which has the ability to increase bone turnover (Imamura et al., 1990).
Bone turnover regulation
The main molecular pathway involved in bone turnover regulation is the OPG / RANKL pathway, with
RANKL implicated in all steps of the bone resorption process, as well as in osteoclasts avoiding apopto-
sis (Kearns et al., 2008). As seen in the schematic in fig. 1.6, OPG promotes the formation of new bone by
activating osteoblasts and inhibiting osteoclast formation by inhibiting RANKL. OPG, which is secreted by
osteoblasts, but also by other cell types, supresses bone resorption by binding its TNF domain to the RANKL
molecule as seen in fig. 1.5 (Kearns et al., 2008). Furthermore, osteoblasts also express RANKL on their
surfaces to facilitate osteoclastogenesis (Iakovou et al., 2015).
Conversely, the main function of RANKL is to activate osteoclasts for increased bone resorption and to in-
hibit the bone forming activity of osteoblasts. RANKL exhibits the dominant role in bone resorption (Kearns
et al., 2008). RANKL induces osteoclast formation via the NFB pathway, which induces transcription of
genes involved in osteoclastogenesis, and after successful bone resorption, the osteoclasts apoptose (Kearns
et al., 2008).
The entire process is a fine balance between bone synthesis and resorption, and is easily brought off
balance, resulting in various diseases associated with increased bone resorption, such as osteoporosis.
In addition to inhibiting RANKL, OPG is also able to bind to TRAIL to inhibit apoptosis, which effectively
blocks OPG-induced inhibition of osteoclastogenesis (Iakovou et al., 2015).
Bone turnover inhibition
Various therapeutic agents have been developed to control diseases caused by excessive bone synthesis or
resorption. Bisphosphonates have been used clinically as osteoclast-mediated bone-resorption blockers for
over 30 years to treat diseases such as osteoporosis (NICE, 2008). Bisphosphonates specifically act on ger-
anylgeraniol in the mevalonate pathway, which is a metabolic pathway within eukaryotic cells (Keller and
Fliesler, 1999; Schott et al., 2015). The bisphosphonate alendronate (ALN) prevents osteoclast activation
through this pathway, altering osteoclast activation and function by acting on farnesyl pyrophosphatase (FPP)
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Figure 1.6: Interactions between OPG and RANKL in bone turnover. An increase in OPG results in a decrease
in RANKL levels and an upregulation of bone synthesis, whereas an increase in RANKL results in a decrease
in OPG levels and an upregulation of osteoclast activity leading to more bone resorption in both healthy
and diseased tissues. Whereas osteoblasts and other cell types secrete RANKL to activate bone resorption,
osteoclasts do not secrete OPG to activate bone synthesis, which leads to osteoclast activation being the
preferred outcome of the bone turnover pathway. In diseased tissues, the mechanism is out of balance in
favour of either OPG or RANKL.
in the mevalonate pathway, rather than through the OPG / RANKL pathway (Gertz et al., 1993; Keller and
Fliesler, 1999; Fisher et al., 1999; NICE, 2008). FPP is required for normal cell function, and ALN may
induce apoptosis of osteclasts by acting on this pathway (Fisher et al., 1999; Keller and Fliesler, 1999).
The clinical, systemic dosage of ALN is as a weekly 70mg preparation or as a daily 10mg tablet (NICE,
2008), with 50% of the dose being excreted within 72h after administration and with an estimated half life of
the drug being 10 yrs (Gertz et al., 1993).
However, studies have also indicated that in addition to inhibiting osteoclast-mediated bone resorption, bis-
phosphonates are also able to inhibit osteoblast synthesis and therefore effectively preserve bone rather than
repair it (Schott et al., 2015).
Other, more novel means of inhibiting turnover include the use of antibodies specific to actors of the RANKL
pathway, such as the high-affinitiy anti-RANKL antibody denosumab (Kearns et al., 2008; Schott et al., 2015).
1.10.1 Bone-like tissue-engineered ameloblastoma models
As the majority of ameloblastoma tumours originate within the jaw bones, the major focus of this study was
to construct a bone-like tissue-engineered scaffold, with which growth of the ameloblastoma tumour could
be modelled in vitro. Bone-like tissue-engineered scaffolds aim to mimic the native properties of bone as
described above. In this section, potential suitable scaffolds and other means to achieve in vivo-like bone
mimetic constructs are briefly discussed.
Bone tissue engineering is a complex and dynamic process and several factors need to be considered (Sikavit-
sas et al., 2001; Bose et al., 2012). The basic requirements of a bone tissue-engineered construct are: 1) a bio-
compatible scaffold; 2) osteogenic cells which are able to mineralise the scaffold; 3) presence of morphogenic
signals to direct cell phenotype and growth; 4) vasculature to support cells or growth factors to promote vas-
cularisation (Vacanti et al., 1993; Amini et al., 2012). However, the lack of specific minimal requirements for
a tissue-engineered bone construct has resulted in a wide variety of available scaffolds (Froehlich et al., 2008).
As cells respond to the stiffness of their substrate (Discher et al., 2005), the stiffness of the scaffold
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used for bone-like scaffolds also needs to be considered. Cell proliferation is also greatly influenced by the
stiffness of the substrate (Ghosh and Ingber, 2007). Ideally, the scaffold used should exhibit mechanical
properties close to the native tissue. However, while bone is a mechanically stiff material, the scaffold used
should not be the stiffest available, as this does not correspond to the natural properties of bone tissue, which
also yields to some mechanical strains when required (Hutmacher, 2000; Froehlich et al., 2008).
Table 1.6: Stiffness measurements of various scaffolds used for bone tissue engineering and tissue culture
plastic. Values for HA, titanium and tissue culture plastic from Bose et al. (2012); Bio-Oss in rabbits from
Orr et al. (2001); compressed collagen from Hadjipanayi et al. (2009).
Bio-Oss (in vivo study in rabbits ) 6.9 ± 1.4MPa
Compressed collagen scaffolds 1-2MPa
Hydroxyapatite scaffolds 35MPa
Porous titanium 24-463MPa
Tissue culture plastic 2.8GPa
Biomaterials with varying porosity used in bone augmentation have been measured for mechanical stiff-
ness, and the some resulting values are detailed in table 1.6. It should be noted that these stiffness measure-
ments have been obtained by various different experimental methods and are therefore not strictly comparable,
but no consensus on how to measure the mechanical properties exists and often little data is provided by au-
thors on the exact parameters used for mechanical testing. The compressive strengths of various biomaterials
used in bone augmentation are commonly between 10-20MPa (Bose et al., 2012), whereas the elastic modu-
lus of in vivo bone has been reported to be approximately 23.3GPa (Nomura et al., 2005). Additionally, bone
tissue engineering commonly makes use of growth factors added to the cell-seeded scaffolds to aid differen-
tiation and mineralisation of the scaffold (Froehlich et al., 2008). Both cell seeding density (higher densities
allowing for earlier bone formation), as well as supplemented growth media (notably with dexamethasone),
have been shown to improve scaffold mineralisation and bone synthesis in vitro (Holy et al., 2000).
As discussed in section 1.10, the ECM of bone is a nanocomposite, with 60% hydroxyapatite (HA) crystals
and 30% collagen type I (Currey, 2002; Stevens et al., 2008). Additionally, non-collagenous matrix proteins
contribute to the signals in the bone environment. Bone tissue-engineered scaffolds are typically porous and
degradable, with the pores contributing to the micromechanical strength of the scaffolds (Bose et al., 2012).
Pores within the structure allow for mineral deposition, thus also reinforcing the structure (Jayakumar and
Di Silvio, 2010). A porous HA-gelatin nanocomposite has previously been found to be cytocompatible and
to promote osteoblast growth (Kim et al., 2005). Of the two bone types found in the jaws, cortical bone is
made up of a up to 30% porous outer layer, and cancellous bone is composed of up to 90% pores (Bose et al.,
2012). Therefore, the ideal bone construct should mimic this composition.
1.10.2 Soft tissue-engineered ameloblastoma models
Since up to 19% of ameloblastoma tumours recur in soft tissue (Xavier et al., 2013), a soft tissue model of
ameloblastoma would also be valuable to provide insight into the soft tissue-invading ameloblastoma pheno-
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type. Both soft and hard tissue recurrences are destructive, but soft tissue invasion can also result in lesions
in the skin, orbit or brain (Mendenhall et al., 2007; Xavier et al., 2013). This study therefore partly focussed
on developing a suitable soft tissue scaffold for modelling ameloblastoma growth within soft tissues, and
specifically, the gingival tissues, into which ameloblastoma often initially spreads to from its original location
within the jaw bones. The gingivae are composed of a population fibroblasts, which synthesise an environ-
ment specific to the gingivae (Hasseil and Stanek, 1983).
Soft tissue engineering is in many ways less challenging than bone tissue engineering, and a variety of dif-
ferent scaffolds are commonly used to mimic different ECM compositions and tissues. Common scaffolds
include FDA-approved polyesters of different kinds, such as polyglycolic acid (PGA), polylactic acid (PLA),
and poly(lactic-co-glycolic acid) (PLGA) (Koh and Atala, 2004; Levenberg et al., 2005); and hydrogels, such
as those made from fibrin (Linnes et al., 2007).
Here, a soft tissue model will be made by incorporating gingival fibroblasts (Mariotti and Cochran, 1990) into
a compressed collagen scaffold to mimic the gingival environment.
This will allow for modelling of the invasion mechanisms of the tumour cells when incorporated, as well
as examining any potential interactions the ameloblastoma cells may have directly with the fibroblasts. Im-
portantly, the scaffolds used for both bone-like and soft tissue engineering should mimic the native ECM
composition.
1.10.3 Collagen in tissue and tumour engineering
Collagen is widely used for tissue engineering purposes, mainly due to its availability and biocompatibility.
This section discusses the use of collagen as a scaffold in tissue engineering. Collagen provides biological and
structural integrity of various tissues including bone (Pedraza et al., 2010). As collagen type I is found in high
amounts in native bone and soft tissues, it is an optimal scaffold material for tissue-engineered organotypic
scaffolds (Hutmacher, 2000). Furthermore, it is also easily tailored to suit different approaches, sizes, collagen
protein content, stiffness and co-cultures (Hutmacher, 2000). Biocompatibility of collagen hydrogels allow
for reproduction of the conditions of a solid tumour (Szot et al., 2011). Collagen fibres contain a RGD
peptide sequence, making it ideal for cell binding and facilitating immediate cellular growth (Hubbell, 2003;
Szot et al., 2011).
Collagen scaffolds
Native protein scaffolds have been shown to have improved cell adhesion and growth properties compared
to synthetic scaffolds (Villasante and Vunjak-Novakovic, 2015). Collagen type I is essential for bone tissue
matrix formation, as the collagen fibres provide a framework for mineral crystal deposition within bone and
are a source for mechanical strength within bone (Cen et al., 2008).
Collagen hydrogels, often used as tissue engineering scaffolds, are random meshes with abundant fluid. In
2005, Brown et al developed a compressed collagen scaffold, in which closely packed collagen fibres pro-
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vided a mechanically improved environment to previously synthesised collagen matrices (Brown et al., 2005).
When the collagen matrix is compressed to a form a more rigid structure, the distribution of proteins available
for cell adhesion changes to a more tissue-like conformation (Chen et al., 2004). The plastic compression
technique has been reported to rapidly remove up to 98% of the fluid from collagen gels, resulting in me-
chanically stronger and denser scaffolds when compared to hydrated collagen constructs, thus enabling the
development of more in vivo-like scaffolds (Abou Neel et al., 2006; Bitar et al., 2007). Compression increases
both the cell and collagen density in these gels, with densities up to 20% collagen achieved, an increase more
in vivo-like than previous collagen matrices (Brown, 2013). Other authors have reported collagen densities of
approximately 13% as a result of compression (Pedraza et al., 2010).
The instant plastic deformation of collagen has been shown to have an improved effect on cell mechanotrans-
duction and the environment for cell growth for osteochondral tissue engineering (Brown et al., 2005; Bitar
et al., 2008). Collagen networks are highly organised and dynamic, and these dense collagen scaffolds have
been shown to be better at guiding cell differentiation and scaffold mineralisation than hydrogels are (Bitar
et al., 2008; Buxton et al., 2008; Cen et al., 2008; Pedraza et al., 2010). Compression of the collagen scaffold
results in a layered structure, which is an ideal lamellar bone mimic (Abou Neel et al., 2006).
Adhesion to collagen fibrils promotes cell survival and increases differentiated function (Fassett et al.,
2006). Cells in collagen matrices are able to penetrate the matrix and remodel the fibrils, whereby the ECM
molecules can be stretched and reorganised by cellular action (Rhee and Grinnell, 2007).
Collagen scaffold thickness, fibre density and cell seeding density all play a role in the levels of hypoxia
experienced by the cells within the tumour engineered scaffolds (Szot et al., 2011).
Osteoblasts have previously been reported to mineralise collagen matrices in vitro (Rattner et al., 2000;
Domaschke et al., 2006; Coyac et al., 2013). Mineralised bone-like structures have been demonstrated to form
within two weeks of cell culture in a 3D environment with dexamethasone (Holy et al., 2000). Von Kossa
staining showed mineralisation in another study on days 15 and 30, with the best mineralisation achieved by
administering  -glycerophosphate as a single dose between days 0 and 3 of culture (Rattner et al., 2000).
Previous work has also shown that cellularised collagen constructs mineralise within 28 days in collagen cul-
ture using osteogenic media with dexamethasone and  -glycerophosphate (Rattner et al., 2000; Pedraza et al.,
2010).
Collagen fibrils in compressed collagen gels examined using scanning electron microscopy have previously
been shown to appear randomly oriented with varying sizes and shapes of interfibrillar pores, with the com-
pression process not resulting in a greater degree of fibril alignment within the scaffolds (Cheema et al., 2007;
Pedraza et al., 2010). Furthermore, no change was observed in collagen morphology or network structure in
compressed scaffolds incubated with either normal cell culture media or with osteogenic media (with dexam-
ethasone) (Pedraza et al., 2010).
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The addition of inorganic phosphates to the culture media is considered necessary as a source of inorganic
phosphorus for scaffold mineralisation - 10nM phosphate corresponds to the in vivo plasma phosphate con-
centration and is therefore recommended for in vitro use (Rattner et al., 2000).
The benefits of using collagen
During this study, compressed collagen scaffolds were used to form the basis of both the bone-like and soft
tissue organotypic models. Collagen was chosen as an ideal starting point for these models for several reasons:
• Collagen is the most abundant ECM protein in vivo, and is therefore both biocompatible and biodegrad-
able.
• Collagen type I fibres are important in maintaining tissue structures, without which it is difficult to
recapture an accurate in vivo-like environment using in vitro models (Nyga et al., 2011).
• Collagen is readily available, with a conserved structure between species, and a high degree of biolog-
ically functional groups (Hubbell, 2003; Kim et al., 2005).
• Cells within the collagen matrices, as with other ECM substitutes, experience cell-to-cell and cell-to-
matrix interactions (Burdett et al., 2010), which is a great improvement on 2D tissue culture plastic.
• Cells within the collagen matrices are able to remodel the scaffolds (Cheema et al., 2003).
The biological, chemical and mechanical properties of collagen scaffolds can further be tailored to the
specific tissues. Compression of the collagen scaffold results in physiologically relevant collagen density,
with approximately 20% of collagen in compressed structures. The initial collagen protein concentration of
the collagen used in this study was 2.01 mg/ml.
It should be noted that due to the collagen used in scaffold development originating from animals, some
immunogenic concerns remain (Hubbell, 2003).
1.10.4 Decellularised bone substrates
In order to add more bone-like properties, commercially available, clinically used matrices will also be added
to the collagen scaffold.
There are many commercial products which are used as scaffolds in bone tissue engineering (Place et al.,
2009). Ideally, the addition of other matrix substrates provide the scaffolds with mineral without the cellu-
lar components. Therefore, a commercially available decellularised bovine bone-substitute, Bio-Oss R , was
added to the bone-like scaffolds to provide the constructs with hydroxyapatite mineral, porosity and improved
mechanical properties. Bio-Oss has been documented to have a porosity of approximately 70%, with a pore
size of 200-900µm (Walsh et al., 2011). It is widely used in the dental clinic for e.g. repair of periodontal
defects (Hartman et al., 2004), as well as for research into bone regeneration and bone-mimicking scaffolds
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(Tapety et al., 2004; Liu et al., 2006; Dashti et al., 2010; Mastrangelo et al., 2013).
Bio-Oss is available as two construct types: Bio-Oss granules and Bio-Oss + collagen blocks. Bio-
Oss granules are different sized granules of decellularised bone, whereas the blocks comprise 90% Bio-Oss
granules with 10% of added collagen to shape the constructs as blocks. The collagen in the Bio-Oss + collagen
blocks is porcine (Hartman et al., 2004). As with other decellularised bone materials, Bio-Oss has reduced
osteoinductive properties due to the decellularisation and sterilisation processes used during manufacture
(Amini et al., 2012). While the stiffness of Bio-Oss in vivo has been documented as approximately 7MPa (as
seen in table 1.6), reliable mechanical studies on in vitro Bio-Oss have not been carried out.
As these products are mineralised and are widely used in the dental clinic, it was thought these scaffolds
would provide a suitable starting point for the development of a bone-like scaffold in this study.
1.10.5 Matrigel extracellular basement membrane
Natural ECMs provide powerful means for controlling the biological performance of regenerative materials.
Cell and tissue-derived ECMs retain their complexity in vitro, and as in natural matrices, growth factors in-
teract with surrounding macromolecules, such as laminin, type IV collagen, chondroitin and heparan sulfate
proteoglycans (Astashkina and Grainger, 2014).
The commercially available multi-component ECM product Matrigel R  is a mixture of basement mem-
brane proteins deposited by cultured murine Engelbreth-Holm-Swarm (EHS) cells (Kleinman and Martin,
2005). Proteins which engage in cell-matrix interactions are found in Matrigel to regulate migration, attach-
ment and spread of cells (Nyga et al., 2011). These include laminin, collagen IV and entactin, which provide
the cells within the matrix with a basement membrane-like environment (Kleinman and Martin, 2005; Hughes
et al., 2010). The growth factor reduced (GFR) version has been specifically formulated to reduce the levels
of growth factors, which may cause cells seeded in the matrix to change their behaviour (Hughes et al., 2010).
The GFR version of the product is more purified and characterised than the original. The major components
of the gel - laminin, collagen type IV and entactin - are conserved throughout the purification process. The
manufacturers report levels of insulin-like growth factor (IGF) 3-fold reduced, platelet-derived growth factor
(PDGF) 2.5-fold reduced, and TGF-  and heparan sulphate proteoglycan levels halved.
However, several hundred unique proteins and cell components including nuclear proteins have been found
present even in the growth factor reduced version, indicating that these are also extracted from the mouse
tumours when Matrigel is prepared (Hughes et al., 2010). This could also to some extent explain the large
batch-to-batch variation found, especially with respect to growth factors. Indeed, the major disadvantage of
Matrigel is the significant amount of batch-to-batch variation, both in protein composition and the subsequent
cell behaviour (Astashkina and Grainger, 2014).
The mechanical properties of the scaffolds used in tissue engineering are important for correct cellular func-
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tion. For reference, table 1.7 lists the mechanical properties of Matrigel compared to the gingivae. Collagen
construct stiffness, as seen in table 1.6, has been measured to be up to 2MPa.
Table 1.7: Stiffness measurements of native gingivae, as well as Matrigel, which is often used for soft tissue
engineering, compared to tissue culture plastic. Matrigel stiffness from Zaman et al. (2006), fibrin from
Linnes et al. (2007), gingival mechnical properties from Goktas et al. (2011), TCP from Bose et al. (2012).
Gingivae 19.75 ± 6.20MPa
Fibrin scaffolds 185kPa
Matrigel 180Pa
Tissue culture plastic 2.8GPa
Matrigel provides the cells in the organotypic models with a basement membrane-like (BM) matrix. How-
ever, normal (growth factor-rich) Matrigel also provides various tumour-associated growth factors instead of
only BM proteins such as laminin and collagens (Kleinman and Martin, 2005), which is why this study used
the growth factor-reduced product. Any tumour-associated factors in the model should therefore originate
from the ameloblastoma cell part of the soft tissue tumour constructs.
1.11 Cells for tissue engineering
Cell lines are often the first point of call when including cells in a model due to their ease of use, availability
and quick and uniform growth. However, cell lines are altered both genotypically, often using viral vectors,
and phenotypically, as they have been selected as the fittest to survive in a 2D environment (TCP) lacking
most native environmental cues (Hakanson et al., 2014).
To date, there have been a handful of cell lines made from ameloblastoma tumours in order to aid research into
ameloblastoma in vitro. The cell lines AM-1, AM-3 and AME-1 are discussed in more detail below. There
is also an AM-2 cell line (Tao et al., 2009), however accessible data on this remains sparse. There have also
been reports of cell lines created by researchers at Birmingham University Alabama (Dr Hope Amm, personal
communication), however so far much research has not been carried out on these. It should be noted, that cell
lines are made from a homogeneous cell population within the tumour cell population, and do therefore not
contain the other cell types which may be present within the tumour environment, such as stromal fibroblasts.
This renders the cell line population representative only up to a point.
Primary cells, which have not been genetically altered, selected for their ability to survive on tissue culture
plastic, nor grown continuously for several generations, increase the predictivity of in vitro assays and models.
The cell lines and primary cells used during this project and a selection of other available cells for further study
are briefly described below.
AM-1
The ameloblastoma cell line AM-1 was established in 1998 as an aid for studying ameloblastoma develop-
ment (Harada et al., 1998). These cells are from a mural, plexiform ameloblastoma of the mandible, which
were immortalised by transfection of viral human papillomavirus HPV-16DNA (plasmid pMHPV16d, size
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22.4kb) (Harada et al., 1998). The use of the HPV-16DNA viral vector may slightly change the behaviour
and properties of these cells compared to those in a native ameloblastoma tumours of a similar subtype.
This cell line grows as islands in 2D culture and has a tendency to not grown in a monolayer. The cells from
this cell line exhibit heterogenous morphologies with mainly small polygonal, cobblestone-like cells with
some larger flattened cells and some spindle-shaped ones, with the numbers of the latter two increasing as
the cells in culture age and develop. AM-1 cells resemble in situ ameloblastoma tumour cells both in their
morphology and tendency to grow in clusters (Harada et al., 1998).
The AM-1 cells also produce abundant extracellular matrix factors and therefore stick to the culture dish.
They have been reported to express vimentin and E-cadherin (Harada et al., 1998; Kibe et al., 2013). Several
cytokeratins, anti-apoptosis factor BCL-2 and MMPs were also found expressed, with MMP-2 moderately
elevated and MMP-9 highly expressed (Harada et al., 1998; Kibe et al., 2013). When in collagen-only 3D
culture, AM-1 cells were shown to degrade the gel and form a depression on the surface (Harada et al., 1998).
This cell line was donated by Prof Harada (Iwate University, Japan) for use with this project.
AM-3
The HPV plasmid used to immortalise the AM-1 cell line may predispose to oral cancers, including ameloblas-
toma, and may affect the reliability of results obtained using AM-1 cells, and an alternative immortalisation
method for ameloblastoma cells was sought (Kibe et al., 2013). The AM-3 cell line was established in 2013
using a lentiviral vector CSII-CMV-RfA with mutant CDK4, cyclin D1, a dominant negative form of p53
(p53C234) and human telomerase reverse transcriptase (hTERT) (Kibe et al., 2013).
This cell line can, according to the authors, be passaged for months without any apparent changes to the cell
morphology (Kibe et al., 2013). MMP-2 and MMP-9 were found upregulated in these cells, and  -catenin
expression was also increased, and the cells were reported to be able to induce osteoclastogenesis (Kibe et al.,
2013). Efforts were made to obtain this cell line as a comparison to AM-1 during this project, however the
cells did not survive the transit.
AME-1
A third report of an ameloblastoma cell line was published in 2014, when a group in Brazil made the AME-1
cell line. This cell line, from a mandibular SMA tumour, was transfected with E6/7 oncogenes from HPV-16
(as AM-1) with a pLXSN retroviral vector (Pinheiro da Rosa et al., 2014). Again, the choice of transfection
factor used for this cell line may lead to artefacts when examining the ameloblastoma tumour using these,
as the HPV-16 virus predisposes to oral cancers and can be a factor in ameloblastoma development. The
ameloblastoma sample examined was immunoreactive for vimentin, ↵-smooth muscle actin (↵-SMA) and
epithelial cell markers CK-14 and -19. AME-1 cells also expressed MMP-2 and -9 as well as EGF. The
expression of ↵-SMA and vimentin is not typical for the epithelial cells used for this cell line, and could be
due to the HPV-16 transfection. The addition of EGF was found to increase the migration of AME-1 cells in
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a 2D scratch assay and a migration assay (Pinheiro da Rosa et al., 2014).
Human gingival fibroblasts
Fibroblasts are non-vascular, non-epithelial and non-inflammatory cells of the connective tissues (Kalluri and
Zeisberg, 2006; Xouri and Christian, 2010). The main function of fibroblasts is to maintain tissue homeostasis
by synthesising collagen fibres, laminin and fibronectin for both the ECM and the basement membrane, and
they therefore play crucial roles in many tissue functions (Mariotti and Cochran, 1990). Fibroblasts also
secrete matrix metalloproteinases to remodel the ECM (Xouri and Christian, 2010).
In normal stroma, minimal numbers of fibroblasts are seen within a physiological ECM. However, in
the reactive stroma of tumours, increased numbers of fibroblasts are seen, with enhanced capillary density,
collagen I and fibrin deposition, all of which are thought to provide increased tumourigenic signals to the sur-
rounding cells (Kalluri and Zeisberg, 2006). Fibroblasts in tumours have been shown to be a heterogeneous
population, where different cells produce different levels of ECM molecules such as collagen, growth factors
and cytokines, and stain for different markers e.g. vimentin, ↵-smooth muscle actin (↵-SMA) and fibroblast
surface protein (FSP) (Orimo and Weinberg, 2007). Within these fibroblast populations, senescent fibroblasts
are also present (Orimo and Weinberg, 2007). Populations of activated fibroblasts, or myofibroblasts, have
also been shown to play important roles in tumour progression, invasion and development (Orimo and Wein-
berg, 2007; Xouri and Christian, 2010).
Fibroblasts were used in this project for the soft tissue scaffolds and co-cultures. Cells from a gingi-
val fibroblast (GF) cell line were used for soft tissue-like fibroblast-seeded collagen scaffolds. The choice
of fibroblasts influences the type of soft tissue model, as fibroblasts from different sites appear different in
both in vivo and in in vitro culture. The model developed in this project was therefore a gingival co-culture
model. Distinct tissues give rise to fibroblasts with differing functions, e.g. periodontal ligament fibroblasts
have been found to have higher levels of alkaline phosphatase, collagen and protein production than gingival
fibroblasts (Mariotti and Cochran, 1990). GF cells are larger than periodontal ligament cells, and they syn-
thesise collagen and non-collagenous proteins including glycosaminoglycans (Mariotti and Cochran, 1990).
GF cultures have been shown to be 57% collagen and 42% fibronectin positive, although this content varied
with cell cycle phase (Mariotti and Cochran, 1990).
The properties of fibroblast cells have been documented to change significantly during long term culture
on tissue culture plastic (Mariotti and Cochran, 1990). The GF cells cultured during this project exhibited
exponential growth for the first 4 days. In the GF cells used here, cell proliferation was noted to decrease
after approximately a month of culture (8-10 passages), and a fresh culture of cells was therefore started at
least every three weeks from original stocks. The cells used in the co-culture models developed here were in
passage 4-6. This property of fast genetic and behavioural change, and eventually senescence may result in
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slightly altered experimental results, however regular reseeding of stock cells from an earlier passage number
minimised these changes and the resulting fibroblast population was uniform enough to produce significant
results.
Human osteosarcoma cells (HOS)
The human osteosarcoma (HOS) cell line is a cancerous cell line of osteoblasts, which were used for initial
synthesis of the bone-like models and experiments with AM-1 co-cultures. Advantages of using this cell line,
although cancerous, include quick proliferation and doubling times in culture on tissue culture plastic. These
cells exhibit a heterogenous, mostly osteoblastic morphology, with some fibroblast and epithelial-like cell
morphologies present.
The HOS cells express osteoblastic genes and synthesise bone matrix proteins, although the oncogenic poten-
tial of these cells may affect some genes and pathways (Gartland et al., 2005).
Human osteoblast cells (HOB)
As an alternative bone cell, primary human osteoblasts (HOB) were also used. Primary osteoblasts have
been extensively used in tissue-engineered scaffolds (Jayakumar and Di Silvio, 2010), and was used in this
project for synthesis of the bone-like scaffolds for later co-culture experiments with AM-1 cells. This is a
slow growing cell line on tissue culture plastic; the manufacturer states a cell doubling time of 19 hrs.
Morphology of these cells is cobble stone-like and uniformly osteoblastic. The cell morphology, behaviour
and osteoblastic phenotype were guaranteed for 10 passages by the manufacturer; cells used in this project
were between passages 6 and 8.
1.12 Therapeutic agents
Ameloblastoma researchers have only recently begun testing whether therapeutic agents may improve thera-
peutic outcomes or reduce the extent of surgery required for tumour removal. Although some publication bias
may exist in not reporting negative trial data, the recent reports on anti-BRAF treatments for ameloblastoma
may lead to future clinical trials (Kaye et al., 2015; Tan et al., 2016).
Some recent research into MMP inhibition in ameloblastoma tumours has utilised knowledge of tissue
inhibitors of matrix metalloproteinases (TIMPs; (Kumamoto et al., 2003)). While using TIMPs to deactivate
or limit ameloblastoma tissue invasion is an exciting therapeutic prospect, it also has its limitations. For ex-
ample, TIMP-2 serves as an activator as well as a suppressor of MMP-2 and systemically administered TIMPs
may even promote tumour formation, making it a difficult class of molecules to use for this purpose (Egeblad
and Werb, 2002; Zhang et al., 2009a).
For this study, Doxycycline (Dox) was used as a potential therapeutic agent. Doxycycline is a clinically
used tetracycline antibiotic, but when used at concentrations below antibiotic levels it is also a known inhibitor
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of MMPs in tissues, by inhibiting the conversion of pro-MMPs to MMPs and blocking their enzymatic activ-
ity (Hanemaaijer et al., 1998; Shen et al., 2010; Stechmiller et al., 2010). It is clinically used to treat chronic
wounds such as pressure ulcers, to inhibit inflammatory cytokines and MMPs, as well as in oral conditions
such as periodontitis (as Periostat R ) (Stechmiller et al., 2010). Dox has also been used in breast cancer treat-
ment, where it was shown to be osteotropic and reduced metastatic tumours in bone (Foroodi et al., 2009).
Dox has previously been applied to a model of oral squamous-cell carcinoma (OSCC), where a 10µg/ml of
Dox concentration achieved a significant reduction in cell viability in 2D in vitro studies and a reduction in
tumour size in in vivo mouse models (n = 10) (Shen et al., 2010).
Alendronate (ALN), as outlined in section 1.10, is clinically used for treatment of osteoporosis and other
disorders involving bone turnover with associated high levels of bone resorption. The potential to use this
clinically available agent to inhibit the growth of ameloblastoma cells within the organotypic co-culture mod-
els was also explored during this study.
1.13 Study hypothesis
The starting hypothesis behind the research undertaken during this project was that cellularised collagen-
based scaffolds mineralise to provide a bone-like environment for the tumour model. Further hypotheses
included:
Ameloblastoma cells can be added to create a reproducible in vitro model with viable cells exhibiting amelo-
blastoma-like behaviour.
By adding potential therapeutic agents to the in vitro models, ameloblastoma cell survival can be decreased
using therapeutic agents.
1.14 Aims and objectives
The main aim of this project was to develop both a bone-like tissue model and a soft-tissue model into which
cells from the odontogenic tumour ameloblastoma could be incorporated and analysed in an organotypic
environment. Furthermore, by using these scaffolds, the aim was to develop suitable disease models to assess
the progress of the tumour and any potential genes or biomarkers, which may be involved in ameloblastoma
growth and invasion.
The following objectives were used to guide this study:
• Establish a bone-like construct in vitro, made with bone cells and plastic compressed collagen type I in
order to mimic the native ameloblastoma growth environment.
• Characterise this scaffold to ensure appropriate bone-like properties are achieved.
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• Determine the optimal method in which ameloblastoma cells could be incorporated into this bone-like
model.
• Develop a soft tissue model using fibroblasts and a collagen-based scaffold for modelling what occurs
to the ameloblastoma cells when they invade the soft tissues surrounding the jaw bone.
• Manufacture suitable ameloblastoma co-culture models in vitro using tissue engineering techniques by
incorporating ameloblastoma cells from the AM-1 cell line into the scaffolds.
• Standardise the model assembly process so reproducible models can be manufactured enabling reliable,
consistent studies.
• Analyse these two models for changes in gene expression over time, and where possible, also for
differences between the models, which could be used to determine what makes the cells switch from
bone-destroying cells to being invasive in soft tissue.
• Analyse cell invasion and cell-to-cell interactions present in the models.
• Inhibit growth and spread of AM-1 cells in the in vitro models by testing potential therapeutic com-
pounds on them.
• Relate discoveries back to current knowledge of ameloblastoma tumours and ensure model is as in
vivo-like as possible to better mimic the ameloblastoma tumour.
The first results chapter (chapter 3) describes the initial development of a bone-like tissue-engineered
scaffold, and the analysis of this for its suitability for ameloblastoma co-culture. The second results chapter
(chapter 4) then details the co-culture of the bone-like scaffold with ameloblastoma cells and the results ob-
tained from these co-cultures.
The third results chapter (chapter 5) first describes the development of a soft tissue-mimicking collagen-based
scaffold, which is then also used in co-culture with ameloblastoma cells. Finally, the fourth results chapter
(chapter 6) concerns the application of potential therapeutic agents to both of these co-culture scaffolds and
what effects application of Alendronate and Doxycycline had on the co-culture models. The last chapter
(chapter 7) brings together the findings from this study and discusses them in the wider context of ameloblas-
toma research and tissue engineering.
Chapter 2
Materials and Methods
2.1 Mammalian cell culture
All cell culture and collagen gel manufacture was carried out in a class II laminar flow tissue culture cabinet
observing standard sterile technique. All reagents were purchased sterile or sterile filtered through 2µm filters
(Merck Millipore, Darmstadt, Germany) prior to use. All surfaces and cell culture instruments were wiped
with 70% industrial methylated spirit (IMS) to ensure sterility. Instruments for gel manufacture were sterilised
by autoclaving and immersing them in IMS prior to placing them in the flow hood. Cells and collagen gels
were cultured in incubators at 37 C with 5% CO2, 90% humidity and atmospheric oxygen.
2.1.1 Cell lines used for co-culture manufacture
Cells from the human osteosarcoma cell line HOS (ATCC in partnership with LGC Standards, Teddington,
UK), human primary osteoblasts (HOB; NHOst-Osteoblasts, Lonza Walkersville Inc., MD, US), cells from a
human gingival cell line (GF; ATCC; in partnership with LGC Standards, Teddington, UK), as well as cells
from the AM-1 ameloblastoma cell line were used during this project. AM-1 were donated for this project by
Prof Harada (Iwate University, Japan).
2.1.2 Culture media and supplements
Three different types of growth media were used for experiments carried out, depending on cell type as
detailed below.
Normal growth media
Low glucose (1g/l) Dulbecco’s Modified Eagle’s Medium (DMEM; Life Technologies, Paisley, UK) was used
for subculturing HOS, HOB and GF cells on tissue culture plastic and GF-cellularised three-dimensional
collagen constructs before co-culture.
All media used contained L-glutamine, which is essential for cell energy production and protein and nucleic
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acid synthesis. DMEM was supplemented with 10% fetal bovine serum (FBS; Life Technologies, Paisley,
UK) and 100U/ml penicillin and 100µg/ml streptomycin (PAA, GE Healthcare, Buckinghamshire, UK) for
both cell expansion and collagen construct incubation.
Osteogenic media
Mineralising or osteogenic media (OM) was used for inducing mineralisation in the HOS- and HOB- cellu-
larised collagen constructs prior to co-culture. This was made up of low glucose DMEM (with 10% FBS and
100U/ml penicillin and 100µg/ml streptomycin as before) by adding stocks of 10M  -glycerophosphate, 0.1M
ascorbate-2-phosphate and 1mM dexamethasone solutions (all from Sigma-Aldrich Company Ltd, Gilling-
ham, UK), which had previously been made up in DMEM and stored at -20 C. All osteogenic stock solutions
were passed through 0.22µmMillipore filters (Merck Millipore, Darmstadt, Germany) to ensure their sterility
when adding them to the final media. The final concentrations in the media were: 10mM  -glycerophosphate,
50µM ascorbate-2-phosphate and 10nM dexamethasone.
These three additives promote mineralisation and osteoblast differentiation (Rattner et al., 2000). Dexametha-
sone has been shown to increase osteoblast proliferation, but other glucocorticoid family agents have been
implicated in a reduction of bone formation and osteoblast proliferation (Kearns et al., 2008). Therefore, os-
teogenic media was only used on single-cell HOS and HOB cellularised collagen cultures, and the co-cultures
were kept in AM-1 growth media, keratinocyte serum-free media.
The supplemented osteogenic media was stable at 4 C for approximately one week. For increased reagent sta-
bility, aliquots of osteogenic media were stored at -20 C and thawed at 4 C before use. The thawed aliquots
were stored at 4 C and used within two days.
Keratinocyte serum-free media
Keratinocyte serum-free medium (KSFM; Life Technologies, Paisley, UK) was used to culture the AM-1 cell
line (Harada et al., 1998). A vial of KSFM growth supplement (1ml) provided by the manufacturer was added
to the media prior to use according to the manufacturer’s instructions.
The media was supplemented with 100U/ml penicillin and 100µg/ml streptomycin (PAA, GE Healthcare,
Buckinghamshire, UK). AM-1 cells were subcultured in KSFM for approximately 7 days until confluent. All
co-cultures and single-cell type controls for these were also cultured in KSFM.
2.1.3 Cell passaging
HOS and GF cells were cultured on tissue culture plastic (TCP) in T75cm2 or T150cm2 flasks for 2-7 days
until in a 80% monolayer, at which point they were passaged. AM-1 cells were cultured in T75cm2 flasks
for up to 7 days before passage. HOB cells were cultured in T75cm2 flasks for two weeks before passage.
Details for the passaging process for each cell line are shown in table 2.1.
For passaging of all cells, the cells were gently washed with pre-warmed Mg2+- and Ca2+-free phosphate
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Table 2.1: Passaging details for the cell lines used in this project.
Cell type Media Trypsinisation time Centrifugation speed, time Time between passages
HOS DMEM 2-3min 85x g, 5min 2-3 days
HOB DMEM 5min 190x g, 10min 2 weeks
GF DMEM 2-3min 85x g, 5min 5-7 days
AM-1 KSFM 3min + scraping 190x g, 10min 1 week
buffered saline (PBS; Life Technologies, Paisley, UK) to remove excess matrix proteins and serum; this time
was increased to 5min for AM-1 as the cells secreted more matrix proteins. Cells were then detached using
trypsin-EDTA (0.25% trypsin; Life Technologies, Paisley, UK) - 1ml for cells grown in T75cm2 and 2ml for
cells in T150cm2 flasks - at 37 C (3min for HOS, HOB and AM-1 cells, 5min for GF cells). Trypsin digests
linkages the cells use to attach to the flask or ECM with, while EDTA chelates Ca2+ needed for cell attach-
ment; prolonged incubation times will make the cells unable to reform these linkages and therefore results in
cell death.
HOS, HOB and GF cells were fully detached by gently tapping the side of the flask. A cell scraper (Corn-
ing, VWR International Ltd, Lutterworth, UK) was used to detach the rounded AM-1 cells from the flask, as
the trypsin-EDTA was not sufficient for detaching all cells and the time taken for the cells to detach using
chemical means would have resulted in extensive cell death; this combination of chemical and mechanical
detachment provided the maximum amount of cell detachment with the minimal amount of damage caused
to the cells.
Fresh DMEM was added in a ratio of 3:1 medium to trypsin volume; serum in the medium neutralises the
digestive activity of trypsin. The cell suspension was then pipetted into 15ml tubes (TPP, Helena Biosciences,
Gateshead, UK) and centrifuged as detailed in table 2.1. The supernatant was then discarded and the cell pellet
resuspended in fresh growth medium (DMEM for HOS, HOB and GF; KSFM for AM-1) and transferred into
new flasks.
Media was changed every 2-3 days in all flasks until the cells were passaged, frozen or seeded in collagen
gels. Light microscopy was used to examine the cells in culture flasks to determine cell health and confluence.
2.1.4 Cell storage and retrieval
Freezing media for GF and HOS cells was made up of 90% normal growth media (including 10% FBS) and
10% dimethyl sulfoxide (DMSO; Sigma-Aldrich Company Ltd, Gillingham, UK). Freezing media for AM-1
and HOB cell lines was made up of 90% FBS and 10% DMSO. Sensitive cell lines, like AM-1 and HOB,
have been shown to withstand cryopreservation better when frozen in abundant serum (Gartland et al., 2012b).
Both of these were made up on the day of use and sterile filtered through a 2µm filter (Millipore, Molsheim,
France).
All cell types were frozen in 1ml of respective freezing media. No more than 500,000 cells were frozen per
aliquot. Cryovials (Starlab, Milton Keynes, UK) were first placed in -80 C for a gradual freezing process in
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a Nalgene Mr Frosty freezing container (Thermo Fischer Scientific, Loughborough, UK) with the outer layer
filled with isopropanol, and moved to liquid nitrogen storage after a minimum of 24 hours. This ensured
a gradual, cell-friendly freezing process, where the rate of freezing was around 1 C per hour. The DMSO
added to the freezing media prevents ice and crystal formation inside the cells, improving preservation and
survival. Typical survival rates of around 80% viable cells were observed for all cell types.
Cell retrieval from liquid nitrogen was carried out by rapidly defrosting the cryovials in a 37 C water bath for
a few minutes. The cell suspension was then gently pipetted into 10ml of pre-warmed cell growth media using
Sterilin single-use transfer pipettes (VWR International Ltd, Lutterworth, UK). The resulting cell suspension
was then added to fresh flasks, routinely with a 1:2 split.
2.1.5 Cell counting
Prior to using the cells for experiments, the cells were counted using a Scepter automated cell counting
pipette (Merck Millipore KGaA, Darmstadt, Germany). In this pipette, the cells are counted by passing the
cell suspension (or particles in suspension) through a channel in the counting pipette tip. The passing cells
create a change in voltage in the channel and the pipette then arranges the cells by size.
For counting, the cell suspension was diluted 1:10 in 900µl PBS. A 60µm channel pipette tip, suitable for
cells in the 6µm to 36µm range, was used for counting GF and HOS cells. A 40µm channel pipette tip,
suitable for cells in the 3µm to 17µm range, was used to count HOB and AM-1 cells. The total cell number
was obtained by multiplying the reading with the dilution factor (10) and the total volume of cell suspension.
The Scepter cell counter also creates a histogram of the cells, which allows estimates of cell health. This is
again based on approximations of cell volume and size; with cell volume changing in apoptosis (Kerr et al.,
1972), resulting in a smaller size for dead or dying cells. Further narrowing down the field of counting based
on the expected size of a specific cell type in suspension is also possible, e.g. to reduce the amount of cell
or matrix debris present in the sample. A representative image of the resulting histogram and associated cell
count can be found in appendix section B.
2.1.6 AM-1 tumour sphere synthesis
Tumour spheres are commonly used in tumour research and modelling. Spheres form a suitable organotypic
environment for tumour cells to grow in with in vivo-like gradients of nutrients and oxygen from the surface
towards the core (Deakin, 1975; Sutherland, 1988; De Wever et al., 2010; Hirschhaeuser et al., 2010). If cells
do not have a surface (plate or substrate) to attach to, they will attach to each other and this will happen in a
matter of days, as most cells require attachment to survive (De Wever et al., 2010). Therefore, synthesis of
AM-1 spheres from cultured AM-1 cells was attempted. Multicellular spheres are commonly made using one
of three methods: the hanging drop method, the low attachment plate method and the swirling flask method
(Friedrich et al., 2009). The latter two were attempted for AM-1 sphere culture during this project.
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Low attachment cell plates
Corning Ultra-Low Attachment (ULA) plates (Corning, Amsterdam, Netherlands) are made hydrophilic by
a covalently bound hydrogel layer on the plates. They therefore prevent cell attachment by inhibiting non-
specific immobilisation of proteins and biomolecules.
HOS cells, being cancerous, are known to form spheres (Rimann et al., 2014) and were used as a control.
6-well ULA plates were seeded with 20,000 HOS or AM-1 cells and 4ml media (DMEM for HOS, KSFM
for AM-1) was added to the wells. All plates were incubated for up to 6 days, with HOS cell sphericalisation
as a guide for incubation time. Media was partially removed and replaced with fresh media every 2-3 days.
The cultures were examined using a light microscope every 24 hours.
Erlenmeyer flasks
Cells in suspension were counted and 100,000 AM-1 cells were used, with the aim of synthesising 100
spheres. 30ml of cell suspension in KSFM was placed in a 125ml sterile conical Erlenmeyer flask (BD
Falcon, Bedford, MA, US). HOS cells were again used as a control due to their sphere-forming ability, and
because of their larger size which enabled better visualisation under a light microscope. A sterile Spinbar
magnetic stirrer (Bel-Art, Pequannock, NJ, US) was included per flask and the flasks were rotated at 70rpm
for up to five days on a gyratory shaker set up inside an incubator. Every 24 hours, the cells were checked for
sphere formation using a light microscope.
After incubation, the cell suspension was gently pipetted out of the flask to a sterile 50ml tube and the cells
were left to sediment to the bottom of the tube for 30min - centrifuging the aggregates causes them to break
up or to further aggregate, using only gravity allows for a gentle sedimentation. The supernatant was then
removed without disturbing the cell pellet. Cell aggregation was then analysed using histology and light
microscopy.
2.2 Organotypic three-dimensional models
Free-floating collagen scaffolds and models were used throughout the project for all experiments. Prior to
analysis, the co-culture models were removed from the wells they were grown in to new culture plates, in
order to minimise any effect of cells which had migrated from the collagen to the bottom of the well (and had
thus been grown in a 2D environment on TCP).
A timeline for culture of the cells, collagen constructs and co-cultures is seen in fig. 2.1, detailing the
culture of the organotypic scaffolds. Single-cell type cultures were cultured for 1-28 days as a standard and
analysed during various time points during this organotypic culture. Co-culture constructs were assembled
on day 14 of single-cell organotypic culture. In the case of co-culture models, day 0 refers to the day the two
cell types were combined; both HOS and GF gels had by this point been in culture for 14 days. Co-culture
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constructs were cultured for up to 14 days and analysed at regular intervals throughout this culture time.
Single-cell type cultures used as controls were analysed on the same day as their co-culture equivalents; a
‘day 7’ single cell control is therefore a day 14 + day 7 single-cell control.
Figure 2.1: Schematic representation of co-culture timelines. The cells for the tissue-like models were initially
cultured on tissue culture plastic in 2D before incorporation in the organotypic scaffolds. The organotypic
scaffolds were cultured as single-cell type cultures for two weeks. During this time, AM-1 cells were cultured
in flasks until confluence. Co-cultures were made on day 0 of AM-1 collagen scaffold culture and cultured
for a total of two weeks. Both single-cell type controls and co-culture models were typically analysed on days
1, 7, 10 and 14 of co-culture. If therapeutic agents were applied, these were applied 5-6 times per co-culture
week from day 0 of co-culture onwards.
2.2.1 Collagen type I gel manufacture
1M and 5M NaOH solutions for neutralising the collagen solution were made up from NaOH stock pow-
der (Sigma-Aldrich Company Ltd, Gillingham, UK) and distilled water (dH20). Both solutions were passed
through a 2µmMillipore filter to ensure sterility before use.
Cellularised collagen type I gels were prepared observing sterile technique in a grade II laminar flow hood
using 2.01mg/ml of 4 C rat-tail collagen (First Link, UK) and adding 10% v/v of 10X non-supplemented
Minimum Essential Medium (MEM, Life Technologies, Paisley, UK) as a colourimetric indicator of pH
(yellow at acidic pH, fig. 2.2A). Typically, 6ml of collagen solution was mixed with 600µl of MEM. A rise
in pH and thereby gelling of the collagen, was achieved using 5M NaOH in 1 x 40µl aliquots and 6-8 x 40µl
aliquots of 1M NaOH. This was visualised by a change in the solution colour, where the gel turned a magenta
colour, which did not disappear when mixed (fig. 2.2B and C).
The appropriate volume of cell suspension to incorporate the desired number of cells was quickly pipetted
and mixed with the gel before setting. Mixing in the cells before polymerisation bypasses initial steps in cell
adhesion (and invasion / motility, i.e. where cells have to penetrate the matrix in order to adhere to it), as the
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Figure 2.2: A) Collagen type I solution with 10% added 10X MEM as a colourimetric indicator (yellow at
acidic pH). B) Addition of NaOH caused a gradual colour change to the collagen solution, and is ready for
cell incorporation once a magenta colour at pH 7. C) The neutralised collagen solution was pipetted into a
steel mould (D) for gelling for 20min.
cells are effectively trapped between the collagen fibres in the gel (Friedl and Brocker, 2000).
The mixture was then pipetted into sterilised moulds (2cm x 3cm, approximate volume 4ml) and incubated at
room temperature (RT; 21 C) in the flow hood for 20min to crosslink the gel (fig. 2.2D). Plastic compression
(Brown et al., 2005) was carried out as described below in section 2.2.2 and the resulting constructs were cut
into 12-24 parts using a sterile scalpel (Swann-Morton, Fisher Scientific, Loughborough, UK).
Ideally, the same samples would have been analysed in longitudinal studies to minimise variation and better
mimic an in vivo tumour in terms of growth and invasion. However, this was not possible for all analysis
techniques used either due to necessary cell lysis, cytotoxicity or potential infections outside of the tissue
culture environment. Therefore, cutting the gels in smaller parts enabled fast manufacture of a large amount
of samples and minimised the use of reagents and experimental variation.
The constructs were then placed in tissue culture plate wells (TPP, Helena Biosciences, Gateshead, UK) and
ensured to be free-floating. All gels were then incubated in culture media at 37 C, 5% CO2 and 95% humidity
for up to 14 days prior to analysis or co-culture manufacture. Media was changed every 1-3 days. The cells
within the gels were inspected using a light microscope throughout the culture.
Cell numbers in organotypic scaffolds
300,000 HOS and HOB cells per ml collagen gel suspension were used for the bone-like gels and the AM-1
cellularised gels. These figures were based on previous, similar cellularised collagen gel studies (Bitar et al.,
2008; Pedraza et al., 2010). Cells in the GF-cellularised constructs varied between 25,000 and 300,000 cells
per ml collagen. 25,000 GF cells per ml collagen gel were used for the soft tissue co-culture models, based
on collagen contraction experiments carried out in this project and described in section 2.2.5.
Addition of Bio-Oss granules to bone-like model
In order to improve the properties and mineralisation of the bone-mimicking constructs, commerically avail-
able Bio-Oss spongiosa granules (Geistlich Biomaterials, Manchester, UK) were added to the collagen scaf-
folds. Bio-Oss granules are made from bovine long bones, and were decellularised and sterilised by sintering
by the manufacturer. The particle size varied, with a typical batch containing particles between 10-200µm
in size (fig. 2.3). For a more uniform size distribution, the granule size could have been reduced further by
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mechanical action, i.e. crushing, and subsequent sieving though e.g. a 70µm strainer. However, this was not
done here.
Approximately 125µg of Bio-Oss granules was added per 3ml collagen gel. In the clinic, where Bio-Oss
is used as a bone substitute, the manufacturers recommend mixing Bio-Oss with patient blood prior to im-
plantation to the defect site. However, it was found to be difficult to mix the granules thoroughly with the
cell suspension prior to setting the collagen. The Bio-Oss granules were therefore added to the top of the
cellularised collagen mixture immediately once it had been placed in the moulds for setting. An approxi-
mately equal distribution of the granules throughout the gel area was achieved by mixing the granules into
the collagen solution briefly with a pipette tip (without pipetting). Due to the difference in granule weight,
some of the larger granules sank to the bottom of the construct during gel setting. However, as these were
the approximate size (thickness) of the final compressed collagen gel, it was assumed that the distribution of
granules throughout the collagen construct post-compression was equal.
Figure 2.3: Bio-Oss granules, as seen here in a 34mm cell culture dish, were incorporated in the bone-like
model collagen gels to add mineral into the scaffold and improve mechanical properties and overall structure.
The granules varied in size, with the largest approximately 200µm in diameter.
Bio-Oss blocks as an alternative bone-like model
10% collagen and 90% Bio-Oss rectangular blocks (Geistlich Biomaterials, Manchester, UK) were used to
test whether HOS cells would survive on these, produce more mineral, and thus provide a better alternative
to the compressed collagen structures. Bio-Oss collagen blocks were cut in three, thus the initial size of the
Bio-Oss Collagen blocks was 5 x 5 x 5mm (as calculated in ImageJ). The initial weight was approximately
100mg per block. The blocks were placed in the wells of a 24 well plate and 50,000 cells per block added
to the surface of the blocks by pipetting a concentrated suspension of HOS cells in DMEM on the top of the
block. The cells were left to attach for 30min. The process was repeated once with the block at a 90  angle.
The blocks were then placed at 37 C for 30min in order to allow the cells to attach to the surface of the block
and to avoid washing them off when media was added. Fresh osteogenic media was then gently added to
cover the blocks and the blocks incubated at 37 C, 5% CO2 and 95% humidity for up to two weeks.
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Addition of Matrigel to soft tissue models
For the soft tissue constructs, the reconstituted basement matrix product Matrigel (BD Biosciences, Corning,
Bedford, MA, US) was added to the collagen prior to setting. For these models, growth factor reduced (GFR)
phenol red-free Matrigel was used, as Matrigel is extracted from Engelbreth-Holm-Swarm cells from sarco-
mas in mice and therefore contains numerous tumour-specific growth factors.
By using the GFR version, the effects of tumour-specific growth factors on the growth of the ameloblastoma
tumour cells were therefore minimised whilst Matrigel still provided a selection of proteins (other than colla-
gen) normally present in soft and connective tissues. Two production lots of Matrigel were used (no. 3270646
and no. 4160010) in order to minimise batch-to-batch variation. Upon receipt, Matrigel was aliquoted to 1ml
aliquots and stored in -20 C to mimise freeze-thaw cycles. The aliquots to be used were placed to thaw at
4 C overnight prior to use.
Collagen gels were made and cellularised with gingival fibroblasts as above. 1ml of Matrigel was added per
2ml of collagen solution. This ratio was based on previous, similar oral organotypic tissue models (Chaudhry
et al., 2013). Ice-cold Matrigel was added to the collagen immediately before pipetting into the mould to set,
so that the volume of Matrigel added was one third of the total gel volume. The mixture was gently pipetted
with pre-cooled pipette tips and left in the mould to set. GFR Matrigel gels above 10 C, so all work was
carried out using chilled (4 C) pipette tips. The collagen gel mixture at this point was still below 10 C as it
was quickly neutralised at RT with 4 C NaOH. The gels were then compressed.
2.2.2 Top-down plastic compression of collagen scaffolds
Top-down plastic compression was the main method for achieving compressed, organotypic collagen con-
structs during this project. This compression method was carried out with autoclaved and ethanol-wiped
equipment as previously described with 0.12kPa compression for 5 minutes (Brown et al., 2005; Bitar et al.,
2008). The set-up for the gel is visualised in fig. 2.4, which shows the gel placed between of layers of nylon
and steel mesh on top of absorbent paper. The weight used is placed on top of the gel to compress it. All gels
were then cut using a sterile scalpel and incubated at 37 C with a change of media (DMEM or OM) every
three days. Constructs were cultured for up to 28 days.
Figure 2.4: Compression set-up with the cellularised gel on top of filter paper and metal wire mesh. The
collagen gel was sandwiched between two layers of nylon mesh. Liquid flow was towards the bottom of gel
(and to the absorbent paper layer) when a weight was applied as indicated by the arrows.
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2.2.3 Bottom-up plastic compression of collagen scaffolds
Bottom-up plastic compression was only used for the collagen contraction assays. In bottom-up plastic com-
pression, plunger rolls are placed on top of the collagen gels in well plates to absorb the liquid from the
collagen constructs. For this construct assembly technique, Whatman filter paper (4cm x 100m, GE Health-
care Life Sciences, Amersham, UK) was rolled up using a custom-made plunger-making machine seen in
fig. 2.5A (lent for use during this project by D Thomas, EDI BTE and Institute of Orthopaedics, UCL) to
make custom made plungers to remove the liquid within the collagen hydrogels. Similar compression kits are
commercially available e.g. RAFT 3D Cell Culture Systems (Lonza, Cologne, Germany).
Approximately 80cm of Whatman filter paper was used for a roll to fit the well of a 24-well plate (fig. 2.5).
Discs to fit the bottom of the plate (1.6cm in diameter) were also cut out to be placed at the bottom of the well
in order to make the surface of the gel flat as the ends of the paper roll tended to undulate.
Figure 2.5: A) The custom-made machine to roll filter paper. 1, as indicated on the image, was the paper roll
attachment point. A mark was made in the paper roll at point 2, and the plunger (start point attached to the
rod at 3) was the correct size when this mark reached point 3. B) Filter paper plungers set up in a 24 well
plate. Plungers were secured with autoclave tape and autoclaved to ensure sterility before compression.
Collagen gels were neutralised and GF cells were added to these as described in section 2.2.5. For com-
pression, three discs of autoclaved filter paper were placed in the well on top of each collagen gel. On top of
this, a sterilised filter paper plunger (fig. 2.5B) was placed to remove the liquid expelled during the compres-
sion process. A weight of 22g per gel (i.e. a total of 528g or 0.12kPa) was used to compress the gels for 5
minutes. The fluid flow in this type of compression is upward, as seen in fig. 2.6.
After compression, the weight was removed and the plungers and filter paper were gently removed and
discarded. The gels were incubated for 14 days and used for a contraction assay as described in section 2.2.5.
2.2.4 Co-culture model manufacture
AM-1 cellularised gels were incorporated in co-culture models with either HOS, HOB or GF cellularised
gels. The bone-like HOS and HOB constructs were incubated in osteogenic media for up to 14 days to
pre-mineralise the constructs. GF gels were incubated for 14 days before AM-1 cell addition in DMEM.
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Figure 2.6: Set-up for compressing collagen gels using the ‘bottom-up’ method. Using this method, liquid
flowed upwards from the collagen gel through the three filter paper layers into the paper plunger, when the
filter paper plunger was placed in the well and a weight was applied.
Initial attempts
Initially, two methods were used to create co-cultures:
Firstly, an area in the middle of each bone-like pre-cellularised construct was removed to accommodate AM-1
cellularised gels. For this, Harris Uni-core 3 and 6mm biopsy punchers (Qiagen, Manchester, UK) were used.
Collagen gels were cellularised with 300,000 AM-1 cells/ml collagen as before, and were cut small enough
to fit the resulting hole in the pre-cellularised gels. The two gels were then combined by compressing the
constructs again. The removed part of the pre-cellularised construct was discarded. The Uni-core instrument
was sterilised by autoclaving between uses.
Secondly, AM-1 cell suspension was injected into collagen constructs. 0.7mm (22G) and 1.1mm (19G)
thin-walled, hypodermic Microlance needles (Becton Dickinson, Oxford, UK) and 1ml Terumo syringes
(Terumo Medical, Somerset, NJ, US) were used for this. 200,000 AM-1 cells in KSFM were drawn up in the
syringe. This approximately 500µl suspension was then carefully injected in several places on 3ml acellular
collagen gels.
Final co-culture assembly
The final co-culture assembly set-up as seen in the schematic in fig. 2.7 was as follows: 2ml acellular non-
compressed support gels were made and set at RT immediately prior to co-culture manufacture. One 2ml
acellular gel, when cut to smaller rectangles, provided support gels for 4-8 co-cultures, depending on the size
of the co-culture gels. The AM-1 cellularised collagen type I gels were made as above, with 300,000 cells/ml
and allowed to set at room temperature before cutting to the appropriate size using a sterile scalpel.
Pre-cellularised and pre-cultured bone-like or soft tissue collagen scaffolds were placed next to non-
compressed, AM-1 cellularised collagen gels. The two gels were assembled as shown in fig. 2.7, where the
lighter square is the pre-cellularised bone-like construct, and the other darker half of the rectangular co-culture
construct is the AM-1 cellularised construct. The construct was then compressed again as before, with the
acellular gel holding the two gels in place, acting as glue. Multiple constructs were assembled at once in order
to reduce the time the cells were out of media and at room temperature (fig. 2.8), as well as to streamline the
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Figure 2.7: Co-culture model set-up, with the two different gels next to each other for top-down compression.
The two constructs were placed on top of an acellular gel, which acted as a glue.
Figure 2.8: Multiple co-culture models were made at any one time to reduce variation between the organ-
otypic models. Here, 12 co-cultures were assembled simultaneously. The long edge of one co-culture con-
struct is 10mm. Non-compressed acellular gels were first placed on the nylon mesh. Then, the pre-cultured
organotypic bone-like or soft tissue model was placed on top of this (here, the lighter-coloured part of the
construct is the bone-like model with Bio-Oss granules). Then, the AM-1 cellularised gel was placed next to
the first gel. The two gel parts were placed in close proximity to each other. The whole constructs were then
compressed and cultured.
compression process and to minimise variation between co-culture models. The compressed co-cultures were
gently moved to media-filled wells without separating the different components.
The co-culture gels were incubated in 1-3ml KSFM up to 14 days at 37 C, 5% CO2 and 90% humidity prior
to analysis.
Co-culture parts
For most analysis techniques, the constructs were cut in three parts: one for the AM-1 part of the construct,
one from the middle between the two cell types and one for the organotypic construct with HOS, HOB or GF
cells only. The area in the middle was denoted as “interface” (IF) in further analysis. This was done in order
to compare cell growth, gene expression and protein levels in the different parts of the gels.
Imaging techniques followed the set up described in section 2.9.3, where two images of the interface, two
from the opposite edges of the gels with least cell type mixing and one in the middle of each gel were taken.
For single-cell type controls, three images were routinely taken, with two from the edges and one in the
middle.
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2.2.5 Collagen gel contraction in soft tissue models
Cells within constructs are known to exert forces on the collagen fibrils surrounding them, resulting in remod-
elling of the fibrils (Rajan et al., 2006). Cell motility and proliferation in the soft tissue scaffolds generated
deformation as illustrated in the schematic in fig. 2.9B-C. In order to seed the maximum number of cells
into the collagen gels while minimising contraction of the gels, contraction curves for a range of cell seeding
densities were calculated.
Figure 2.9: A) Plate set-up for the collagen contraction assay. Samples were set up in triplicate with different
cell concentrations ranging from 25,000 to 120,000 cells per gel. The gels were top-compressed in the 24-well
plate. Gels were then imaged macroscopically to determine the cell-induced collagen gel contraction taking
place. B) Schematic of a cellularised gel as seen from the top of the well. A few cells (blue) are initially
present. The gel has not yet contracted. C) Schematic of a cellularised gel which has contracted in the well.
This is due to cellular action as well as cell proliferation within the gel, which increases the contraction effect.
GF cells were counted as before using the Scepter Cell Counter with 60µm channel tips and the appropri-
ate volume of cell suspension to include in each gel was calculated. The final amounts of cells per 1 ml gel
were as follows: 25,000, 50,000, 60,000, 70,000, 80,000, 90,000, 100,000 and 120,000.
Collagen gel was neutralised using 1M and 5M NaOH as before, with 1ml of collagen used per gel and the
cell suspension included before pipetting into a 24-well plate. All cell densities were assayed in triplicate and
collagen was therefore neutralised in batches. Due to having to neutralise several batches of collagen, the gels
were left to polymerise at room temperature for between 20-30 minutes. Once all gels had polymerised, they
were compressed using the ‘bottom-up’ method seen in fig. 2.6. The resulting compressed gels were detached
from the walls and bottoms of the wells using a pipette tip to achieve free-floating cultures and incubated in
1ml normal DMEM. The media in the wells was changed every 1-2 days, as for other collagen gels.
In order to assay gel contraction over time, the gels were macroscopically imaged daily for 14 days (Sony
Xperia P camera and iPhoto software). Photos were taken at a distance of 15cm from the bottom of the wells.
The area of the gels for each time point was calculated using ImageJ (National Institutes of Health, Bethesda,
US). The known diameter of the well (15.4mm) was used to set the scale on each image before measuring. A
detailed description of the ImageJ processing can be found in appendix fig. 2.12. The variability of tracing
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the outside of the gel on the images on different days resulted in some minor variability between the samples.
Gels from day 0 were used to measure the starting area. The compression process resulted in some uneven or
folded gels, which were difficult to flatten out due to the sticky nature of the collagen gels and were thought
to reflect the “top-down” compression process and the variation resulting from the cutting used to make the
models. The difference in area for each day was calculated as a percentage of the initial area and plotted in
GraphPad Prism 6.
2.3 Mechanical testing of bone-like models
The mechnical properties of the bone-like scaffolds were tested in order to ascertain that these gels were an
appropriate environment for bone formation. In order to test the stiffness of these constructs, dynamic me-
chanical analysis (DMA) was carried out using a Bose 3220 Series III dynamic tester with associated WinTest
7 DMA software (Bose Ltd, Carrickmacross, Co Monaghan, Ireland).
Cellularised bone-like collagen constructs with and without Bio-Oss granules, as well as acellular collagen-
only and collagen + Bio-Oss constructs in PBS, DMEM and OM were tested.
In order for the software to correctly calculate the Elastic (Young’s) modulus of a sample, the sample
thickness was first measured by contact angle (CAM200 optical contact angle and Attension Theta software
(KSV Instruments Ltd, Biolin Scientific, Stockholm, Sweden)), where the sample was placed onto the sample
holder and viewed and imaged side-on using the software. A 0.16mm thick coverslip (VWR International,
Lutterworth, UK) was used as a known constant for thickness. Sample thickness was measured in ImageJ
using the “set scale”, “line drawing” and “measure” tools. The thickness of the sample and the diameter of
the sample (as measured using a ruler) were input in the WinTest software prior to DMA measurement; this
enabled the software to accurately calculate the elastic modulus (E).
Distilled water was applied to around the sample, but not on top of it, once it had been placed in the sample
plate shown in fig. 2.10. The hydrated environment was designed to stop the expulsion of liquid from within
the collagen constructs and thereby a change in the sample properties and a change in the reading. The sample
was placed on the instrument and the top part of the probe was brought into contact with the sample surface.
The dynamic amplitude used was 3% of the total sample thickness, which equated to 0.012mm based on the
average thickness of the measured samples. This amplitude was chosen as previous users had advocated an
arbitrary amplitude of 6-12% of sample thickness, but this range was found during this study to cause stiffness
measurements of the plate, not the sample.
DMA was performed at frequencies between 0.5-1 Hz. The value for samples stiffness (elastic modulus; E)
was measured by the software from the slope of the linear part (the elastic region) of the stress-strain curve
according to:
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Figure 2.10: Image of the plate used for dynamic mechanical analysis. The sample (approximately 9mm
across) was placed in the brown well inside the Petri dish. Distilled water was added around the sample to
keep the sample hydrated. The plate was then placed on top of the DMA testing unit and the top probe was
lowered until it was in contact with the sample.
E⇤ =  ⌃÷ "
i.e. the change in stress (⌃, grams of force) divided by the change in strain (", mm), which was automati-
cally calculated by the WinTest 7 software. The output value (E*, g/mm2) was then converted to a stiffness
measurement in MPa according to the following:
E⇤(g/mm2)÷ 98.07 = E⇤(N/mm2)
1N/mm2 = 1MPa
Where E* is the stiffness value calculated by the WinTest 7 software (g/mm2) and N/mm2 is the unit for
pressure. 98.07 is the value for gravity (9.807m/s2). Figures were plotted in MS Excel and GraphPad Prism
6. Statistical significances were calculated using GraphPad Prism 6 as detailed below in section 2.11.
2.4 Cell survival in the co-culture scaffolds
Cell survival was assessed using twometabolic assays to give an indication of cell numbers within the collagen
constructs. The Alamar Blue assay was used for cell monolayers and cellularised gels, and the Cell Titre Glo
ATP assay was used on cellularised gels.
2.4.1 Alamar Blue cell viability assay
Alamar Blue is an assay used to determine the number of cells in culture based on their metabolic activity.
Metabolical activity and cell growth in the sample results in a chemical reduction of the blue assay reagent,
which then turns more red in colour. The reduced form of the reagent is also fluorescent. Conversely, in
samples with little or no cell metabolic activity, the assay reagent remains blue in the absence of a reducing
reaction. The major advantage of this assay is that it does not have major cytotoxic effects, and can there-
fore be used on the same cell population on subsequent assay times, reducing intra-sample variability as well
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as sample production costs. The measurement of metabolic activity obtained is often used as a measure of
proliferation as these two are correlated in some cell types. It should however be noted that cell metabolic
activity can change independent of the proliferation status of the cells.
Cell metabolic activity was measured in the collagen gels throughout the incubation period. For standard
curve construction, known quantities of cells (measured using the Specter Cell Counter) were incubated in
triplicate overnight. For HOS and GF cells 0-500,000 cells per well and for HOB and AM-1 cells 0-100,000
cells per well were used. For the samples, Alamar Blue reagent (AbD Serotec, Kiddlington, UK) was incu-
bated at 10% v/v of medium for 4 hours at 37 C, before transferring 200µl of each sample well to a black
96-well plate. The plate was read using a fluorescence spectrophotometer (BioTek Flx800, BioTek, Swindon
UK) at absorbance wavelength 530nm and emission wavelength 590nm. Both standards and samples were
measured in triplicate and normalised for background fluorescence using wells with 100µl media and Alamar
Blue reagent only.
In between measurements, the reagent and media mixture was removed, the culture media was changed
and the cellularised gels were incubated in 37 C. For the standard curve, the fluorescent reading was plotted
against the known cell number. The resulting standard curves used to calculate the cell numbers in the
samples can be found in appendix fig. B.3. The equation for the standard curve was then used to calculate the
approximate number of cells present in the samples based on the fluorescent reading.
2.4.2 Cell Titre Glo ATP cell viability assay
Cellular ATP levels can be used to estimate the number and proliferation of cells in culture (Maehara et al.,
1987). The Cell Titre Glo 3D assay (Promega Corporation, Madison, WI, US) was specifically developed by
Promega for 3D cultures, and may therefore produce more reliable results from the models shown here than
other assays due to improved reagent penetration. It is based on quantitation of the amount of ATP present
in lysed cells in 3D microtissues. ATP is a marker of cell metabolic activity, but can be used to estimate
the number of cells in a construct, as the amount of ATP directly correlates with the number of cells present
(Crouch et al., 1993). The assay was performed in white, opaque 96-well plates in order to reduce signal
cross-over.
The reagent, which is a homogeneous mixture, results in cell lysis and generates a “glow-type” luminescent
signal as illustrated in fig. 2.11. This signal is proportional to the number of metabolically active cells in the
culture.
For the standard curve, ATP powder (Sigma-Aldrich Company Ltd, Gillingham, UK) was first diluted
to 10mM in sterile PBS and then to 10µM in OM and KSFM. The standard curve was constructed with 0,
0.625, 1.25, 2.5, 5 and 10µM ATP solution in duplicate, as well as a set of media blanks to discount for any
background luminescence.
Cell standard curves for all cell types were constructed as those for Alamar Blue by incubating a known quan-
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Figure 2.11: 1. The live cells in the 3D culture models were lysed when Cell Titre Glo reagent was added and
(2) incubated for 30min at RT. The reagent caused ATP release from the cytoplasm. 3. Luciferin in the Cell
Titre Glo 3D reagent reacted with the released ATP to produce luciferase. The luciferase reaction produced
light (4), which was measured using a plate reader with luminescence reading capacity. Schematic adapted
from manufacturer’s protocol.
tity of cells (HOS and GF: 0-500,000; AM-1 and HOB: 0-100,000 cells per well in triplicate) on TCP plates,
adding the Cell Titre Glo reagent to these and reading the luminescence emitted. Cell numbers in the samples
were correspondingly calculated based on the standard curve equation obtained. Representative images of the
standard curves produced can be found in appendix fig. B.4.
The co-culture and single-cell type samples were cultured as normal in either osteogenic media or KSFM for
a variety of time points up to 28 days with the total sample number per condition per time point equalling
three or six samples (n = 3 or 6). Co-culture samples were cut in three parts (AM-1, interface region, other
cell type (HOS/HOB/GF)) and placed in the wells of the same opaque 96-well plate with 100µl media with
the appropriate controls.
100µl of Cell Titre Glo reagent was added to all wells, upon which the wells turned various shades of yellow.
The plate was placed on a Biometra WT I 6 plate shaker for 10min to ensure lysis of all cells in the samples.
The samples were then incubated for a further 10-15min at RT to ensure reagent stabilisation.
After incubation, sample luminescence was read using a BioTek FLx800 plate reader and associated soft-
ware. The values for background luminescence (0µMATP) were subtracted from all the sample readings and
standards and the standard curves were plotted. Cell numbers in the samples were calculated in MS Excel by
using the equation obtained from the standard curve for the specific cell type and media used. The data was
then entered into GraphPad Prism 6, where a histogram was plotted and statistical analysis was carried out.
2.5 Therapeutic compounds applied to co-culture models
Prior to application of the therapeutic agents tested here, their cytotoxicity was assayed in 2D on HOS and
AM-1 cells (using alendronate) as well as GF and AM-1 cells (using doxycycline). These pilot tests were
carried out over 72 hours in well plates and their main aim was to ensure the application of the therapeutic
agent did not cause the non-AM cells to not survive in the models. The resulting histograms detailing cell
viability in both HOS and AM-1 as well as GF and AM-1 cultures are visualised in the appendix.
Alendronate and doxycycline were then applied to the co-culture models to study their effect on the ameloblas-
toma tumours in the cultures.
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2.5.1 Alendronate addition to bone-like models
Nitrogen-containing bisphosphonates such as alendronate (ALN) have been used for over 30 years to treat
bone loss caused by excessive bone resorption in diseases such as osteoporosis (Fisher et al., 2013). As the
ALN in this study was applied locally to the culture mediumwith direct contact with the cellularised scaffolds,
and previous studies indicated osteoblast-favourable outcomes with reduced ALN amounts, greatly reduced
concentrations were used.
Alendronate sodium trihydrate (Sigma-Aldrich Company Ltd, Gillingham, UK) was initially diluted to a
10mM stock solution in PBS and stored at -20 C until applied to the cultures. The concentrations tested on
the co-culture models during this brief study were 10nM and 100nM. These values were based on previous
research (10nM to 100µM (Alqhatani, 2014), 0.5-5µM (Schott et al., 2015) and others), as well as the brief
cytotoxicity study carried out over 72 hours (appendix fig. B.11). In this case, HOS and AM-1 cells were
cultured in a two-dimensional environment in a 24-well plate with cell culture media, and ALN was applied
to the media of these wells at a range of 10nM-100µM. The Spectre Cell Counter was used to quantify live
and dead cells based on the size distribution of the cells in the supernatant and cell suspension.
For addition to the co-culture models, 10nM and 100mM ALN in PBS was pipetted to 1ml of culture
medium every 1-2 days (fig. 2.1) from the day of co-culture assembly (day 0).
The co-cultures were examined on days 7 and 14 after ALN application for cell survival using Live/Dead
staining, and for cell proliferation using Cell Titre Glo several times throughout co-culture.
Additionally, in HOB + AM-1 co-cultures, ALN was also applied to ‘established’ tumour models. For this,
co-cultures were maintained in culture for one week after assembly, and ALN was added every 1-2 days from
day 7 of co-culture. Live/Dead staining was carried out on these models on days 3 and 7 of co-culture (d7 +
3 and d7 + 7), and cell viability was measured using Cell Titre Glo on days 1, 5, 10 and 14.
2.5.2 Doxycycline addition to soft tissue models
Based on the gene expression results for MMPs found in the GF + AM-1 co-culture models in this study,
Doxycycline (Dox) was chosen as a potential therapeutic agent to inhibit AM growth in the soft tissue models.
Previous studies where Dox has been used for its anti-MMP properties in oral tumour research have
included as treatment for oral squamous cell carcinoma (Shen et al., 2010). This and similar studies used
concentrations ranging from 5-40µg/ml (Shen et al., 2010). Previous studies have found a 37% decrease
in MMP-2 levels with 5µg/mL of doxycycline, a 80% decrease with 10µg/mL, and a 97% decrease with
20µg/mL (Liu et al., 2003). In patients, a standard dose of doxycycline (2-3 mg/kg/day) resulted in measured
serum doxycycline levels of 2-6µg/mL (Liu et al., 2003).
A cytotoxicity study was carried out on GF and AM-1 cells with a range of concentrations prior to drug
application to the 3D models to ensure that fibroblast cells were not affected by the concentrations used.
This brief study was carried out on tissue culture plastic over 72hrs (appendix fig. B.12) with 5-40µg/ml of
CHAPTER 2. MATERIALS AND METHODS 78
Doxycycline hydrochloride (Sigma-Aldrich Company Ltd, Gillingham, UK) applied daily.
Based on the results from the cytotoxicity study (fig. B.12), 10µg/ml (21µM) and 20µg/ml (42µM) Dox
was applied to the co-culture models every 1-2 days from day 0 of co-culture. Cell viability was measured
using the Cell Titre Glo ATP assay at several time points throughout co-culture.
Additionally, Dox was applied to ‘established’ GF + AM-1 models which had been co-cultured for 7 days.
For these, Dox was applied from day 7 and cell viability was measured using Cell Titre Glo on days 1, 4, 7
and 14. Immunocytochemical staining was also carried out on Dox treated models.
2.6 Histology on organotypic scaffolds
All histology was carried out on site at the Blizard Institute Core Pathology facility (Queen Mary University,
London) and followed their standard operating procedures. All staining solutions (apart from silver nitrate,
which was freshly made up) had previously been made up by the Blizard staff, or were commercially available.
In preparation for histology staining, the samples were removed from culture medium, washed briefly in warm
PBS and fixed in 10% formal saline for at least 24 hours at room temperature in order to crosslink the collagen
gels, prior to processing.
All wax embedding, sample cutting and mounting on slides was carried out by trained staff at the Blizard
Institute facility. All samples were dehydrated in alcohol, cleared in xylene and soaked in paraffin wax using
an automated process. The samples were then embedded onto wax blocks, and oriented so that the specimens
were ‘on edge’ to cut through the middle of the sample. Tissue sections of 3µm in thickness were cut from
each sample using a rotary microtome.
The sections were then mounted on standard histology slides and dried at 60 C for a minimum of 30min. All
sections were brought back to being compatible with the water-based stains by washing them first for 2x 3min
in xylene, then 2x 3min in ethanol and finally for 5min in running tap water. Staining was then carried out as
described in the sections below.
After staining, all histology slides were examined and imaged using a Leica light microscope and associated
software (TS View 7, Tucsen Photonics, Fujian, China).
2.6.1 Haematoxylin and eosin
The haematoxylin and eosin (H&E) stain is used in histology to examine general tissue architecture. The
haematoxylin dye is positively charged, and therefore reacts with negatively charged components within
cells, such as nucleic acids. Conversely, eosin is a negatively charged dye and therefore reacts with positively
charged parts of the cells, such as proteins in the cytoplasm. With this double stain, nuclei are coloured blue
or black by haematoxylin and the cytoplasms of the cells are coloured pink by eosin. Collagen structures are
also coloured light pink.
H&E staining of samples was carried out using a standard automated slide stainer (Varistain Gemini, Thermo
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Fisher Scientific, Loughborough, UK). Cover slips were mounted on the slides with a xylene-based mountant
using an automated process (Clearvue, Thermo Fisher Scientific, Loughborough, UK).
2.6.2 Assessing mineralisation of bone-like constructs: Von Kossa
The Von Kossa histological stain is based on the reaction between phosphate ions in the calcified tissue
sections examined and silver nitrate in the stain (Meloan and Puchtler, 1985), when the tissue section is
exposed to strong (ultra violet) light. A positive control in the form of calcified tissue (human trabercular
bone, supplied by Blizard staff) was used for each staining procedure.
Sections were dewaxed in xylene for 2x 3min, 2x 3min in alcohol and rehydrated in distilled water. They were
then placed in a Coplin jar with 0.5% aqueous silver nitrate (Merck Millipore KGaA, Darmstadt, Germany)
and exposed to ultra violet light for one hour. This developed the calcified phosphate deposits, which stain
dark brown or black. The sections were then washed thoroughly in distilled water and fixed in 5% sodium
thiosulphate for 5min. They were then washed with tap water and the cell nuclei were counterstained with
1% Neutral Red for 10-15sec.
The sections were then blotted dry using several layers of filter paper, dehydrated in ethanol, cleared in xylene
and mounted by hand using DPX glue before viewing and imaging under a light microscope.
2.7 Assessing mineralisation of bone-like constructs
2.7.1 Alkaline phosphatase activity assay
Alkaline phosphatase (ALP) levels in the bone-like samples were measured quantitatively using a commer-
cially available ALP activity kit to indicate bone formation and osteoblast activity in the constructs. A Sen-
solyte pNPP alkaline phosphatase assay kit (AnaSpec Inc, Fremont, CA, US) was used for this. This particular
assay was colourimetric.
For the ALP standard curve, 0ng/ml to 100ng/ml of the provided ALP standard solution was made up as a
serial dilution in dilution buffer. 1X dilution buffer was made up by diluting the supplied 10X dilution buffer
in dH20. 20µl of Triton X-100 (Sigma-Aldrich, UK) was added to the 1X dilution buffer to make lysis buffer.
Collagen gels were first minced with sterile scalpel blades to facilitate better digestion and 1ml of lysis buffer
was then added to each sample. These were briefly shaken and centrifuged at 9,500x g for 15min at 4 C.
50µl of all samples and standards were then added in triplicate to a 96-well plate. 50µl of pNPP substrate was
added to all wells, covered from light and incubated at room temperature for 45min. 50µl of stop solution
was then added to each well.
Absorbance was read at 405nm using a Tecan M200 plate reader and Infinite 200 software (Tecan Infinite 200
PRO microplate reader (Tecan, Mannerdorf, Switzerland)).
The standard curve was plotted and the curve equation calculated in MS Excel, and the resulting ALP sample
values were calculated in MS Excel and plotted in GraphPad Prism 6. The ALP activity was plotted as units
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per litre (U/mL; the calculation is shown in the appendix), which is a standard unit for ALP activity. The
definition of a unit (U) is the amount of enzyme required for hydrolysis of 1µM of pNPP substrate per minute
at pH9.8 and 37 C. Native ALP in adults is between 20-140 U/L according to the manufacturer’s protocol.
2.7.2 Alizarin Red
Alizarin Red S (AR) is a semi-quantitative stain for examining mineralisation in tissues and in vitro constructs.
This was done in the bone-like cellularised collagen gels. 2% Alizarin Red staining solution was made up by
dissolving 1g of AR powder (Sigma Aldrich Company Ltd, Gillingham, UK) in 45ml dH20. The pH of the
solution was adjusted from pH3.4 to 4.25 with 1M NaOH and the volume of the solution finalised to 50ml
with dH20. The made-up solution was stored covered from light.
For staining, samples were washed three times in PBS. 2% AR solution was added to cover each sample
and incubated for 10min. The dye was then removed, samples washed 3 times with PBS and air-dried. The
samples were turned over once during drying to aid this. Samples were then imaged macroscopically to assess
mineral staining.
2.8 Quantification of gene expression in co-culture models
Quantitative real-time polymerase chain reaction (qRT-PCR) allows real-time detection of a gene of interest
through the amplification of fluorescence in the target samples. Like other forms of PCR, the process is used
to amplify DNA samples using the enzyme DNA polymerase. PCR amplifies DNA exponentially, doubling
the number of molecules present with each amplification cycle, although in practice the amount of reagents
available in the reaction limits the number of amplifications. The reaction is highly accurate in determining
the starting template copy number (of copies of DNA).
First, the total RNA from test and control samples needed to be isolated. Then, the RNA was reverse tran-
scribed to cDNA, which is used as the template for the PCR reactions. qRT-PCR was then performed on the
target and reference genes for the controls and samples.
To reduce contamination, all RNA extraction, cDNA synthesis and PCR set-up steps were performed using
sterile pipette tips with filters (Starlab, Milton Keynes, UK). All equipment and surfaces were cleaned prior to
starting and RNAses removed with application of RNAse Zap spray (Life Technologies, Paisley, UK). In order
to reduce pipetting errors and variability between samples, the same calibrated pipettes were used throughout.
2.8.1 RNA extraction and quantification
HOS samples for gene expression analysis were stabilised in RNAlater reagent (Qiagen GmBH, Hilden,
Germany) at the desired time points. Reagent was applied dependent on the size of the sample; generally
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500µl was used for single-cell gels and 700µl for larger co-culture gels. GF and HOB co-cultures were
stabilised in Trizol reagent (Life Technologies, Paisley, UK) at the desired time points. 500µl Trizol reagent
was used for all samples.
Co-culture RNA extraction: Fibrous tissue RNeasy extraction kit
RNA extraction for the HOS-only and HOS + AM-1 co-culture models and control samples was performed
using a Fibrous Tissue RNeasy kit (Qiagen GmBH, Hilden, Germany) according to the manufacturer’s proto-
col.
Ready-to-use lysis (RLT) buffer was made up by adding  -mercaptoethanol (Sigma-Aldrich Company Ltd,
Gillingham, UK) at 10µl per ml buffer to the RLT buffer supplied in the kit prior to use. Four volumes of
96% ethanol (Sigma-Aldrich, UK) was also added to wash buffer RPE prior to use.
For RNA extraction, the samples stored in RNAlater reagent were removed to clean 1.5ml Eppendorf tubes
(Fischer Scientific, Loughborough, UK) and 300µl of lysis buffer was added. The samples were homogenised
by passing them through a 1ml pipette tip and vortexed, with these two steps repeated until the collagen gel
had dissolved when examined by eye; this took approximately 10min. For most parts, the Bio-Oss particles
in the samples did not dissolve completely using this method; however, as they are porous it was assumed that
sufficient amounts of lysis buffer was passed through even the larger granules to lyse the cells and extract the
nucleic acids.
Once samples were homogenised, 590µl nuclease-free water (Qiagen, Germany) and 10µl proteinase K solu-
tion (provided with the RNeasy kit) were added to further help digest the collagen fibres in the samples and
samples were mixed thoroughly. Samples were then heated in a 55 C dry heating block (Grant BT3, Grant
Instruments Ltd, Royston, UK) for 10min and centrifuged for 3min at 10,000x g using a table top microfuge
(MSE Laboratory Equipment, London, UK). The resulting supernatant was transferred to a new Eppendorf
tube without disturbing the pellet at the bottom (to avoid clogging the spin column later on). 450µl of 96%
ethanol (Sigma-Aldrich, UK) was added to all tubes and mixed. 700µl of sample was then pipetted to a
RNeasy spin column, centrifuged at 8000x g for 15sec, the flow-through was discarded and this step repeated
with the remaining 650µl of sample. The samples were then washed once with 350µl RW1 buffer, centrifuged
at 8000x g for 15sec, 80µl of DNase solution was added per sample and the samples were incubated at RT for
15min. The RW1 wash was then repeated, after which all samples were washed twice with 500µl buffer RPE
by first centrifuging the samples with the buffer for 15sec and then for 2min at 8000x g. The RNA was then
eluted from the spin column using a total of 50µl of RNase-free water and centrifuged for 1min at 8000x g.
RNA content and purity was then measured as detailed below and the purified RNA stored at -80 C.
Co-culture RNA extraction: Trizol extraction
RNA extraction from the soft tissue and HOB + AM-1 models and controls was carried out using the Trizol
extraction method. Trizol (Life Technologies, Paisley, UK) is a phenol and guanidine isothiocyanate solution,
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which preserves the RNA in the samples, while disrupting the cellular structures during sample homogeni-
sation. Single-cell type and co-culture samples of GF + AM-1 and HOB + AM-1 were placed in 500µl of
room temperature Trizol reagent in 1.5ml RNAse-free Eppendorf tubes (Fischer Scientific, Loughborough,
UK) and processed for total RNA extraction immediately or frozen in -20 C for storage. Samples, which had
previously been stored in RNAlater reagent, were thawed and removed to a fresh Eppendorf tube with 500µl
of Trizol reagent and processed.
Samples were homogenised in Trizol by pipetting them up and down using a 1ml RNAse-free filter tip (Star-
lab, Milton Keynes, UK) and vortexing briefly, repeating these steps until all collagen had dissolved when
examining by eye. Phase separation was carried out by adding 100µl of chloroform (Sigma-Aldrich Com-
pany Ltd, Gillingham, UK) to the tubes, the samples were shaken vigorously by hand (15sec) and incubated
at RT for 3min. They were then centrifuged in a pre-cooled centrifuge at 12000x g for 15min at 4 C. The
aqueous phase of the separated samples, which contained the nuclei acids, was then carefully pipetted to a
fresh Eppendorf tube. 250µl of isopropanol (Sigma-Aldrich Company Ltd, Gillingham, UK) was then added
to the aqueous phase to precipitate the RNA, the tubes were briefly mixed and incubated at room temperature
for 10min before centrifuging at 12000x g for 10min (4 C).
The resulting RNA pellet was then washed twice with 500µl of 75% ethanol (Sigma-Aldrich, UK) in DEPC-
treated, nuclease-free water (Fischer Scientific, Loughborough, UK) and centrifuged at 7500x g for 5min
(4 C). The additional wash step was found to result in a purer final RNA product. The RNA pellet was then
air dried for up to 5min at room temperature and resuspended in 50µl of RNase-free water (Qiagen, Ger-
many). All samples were then heated in a 55 C dry heating block for 10min to dissolve the RNA and the
RNA concentration and purity was measured. The purified RNA was then stored at -80 C until used for gene
expression experiments.
RNA quantification and quality measurements
The purity of the RNA product and any potential contamination caused by using either RNA extraction method
was measured using a NanoQuant 16-well plate in a Tecan M200 colourimetric plate reader and associated
iControl software (Tecan Infinite 200 PRO microplate reader (Tecan, Switzerland)). The NanoQuant plate
was cleaned by immersion in a sonic waterbath (Elmasonic S10H, Elma Schmidbauer GmbH, Singen, Ger-
many) at 40 C for 20min and further wiped with RNase Zap spray (Qiagen GmbH, Hilden, Germany). The
NanoQuant plate was blanked using 2µl of RNase-free water. 2µl of RNA sample was added to each sample
well and the plate was read.
Absorbance was read at 260nm/280nm, with 260nm as the absorbance wavelength for nucleic acids and
280nm for protein contamination. The ratio of absorbance calculated by the software provided a measure of
RNA purity (i.e. protein contamination); a ratio between 1.9-2.1 indicate pure RNA which is ready for further
processing. Values less than this range indicated impurities in the sample, particularly DNA and proteins,
rendering this RNA impure and unusable. Readings of more than 2.5 indicate potential phenol carry-over or
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ethanol carry-over from washing the samples. These contaminants may have an inhibitory effect of further
downstream PCR amplification, and samples with values outwith this range were discarded.
Typical readings obtained using the Qiagen column extraction method were 1.9-2.1, and using the Trizol
extraction method were 2.1-2.3. The lower purity yield in Trizol extracted samples may have been due to
precipitation of small polysaccharide fragments in the aqueous phase of the extraction procedure. This, as
well as entrapment of nucleic acids by larger polysaccharides (leading to accidentally discarding of some of
the RNA during washing steps, contributing to lowered yields), are a well-documented problem with Trizol
extraction (Wang and Stegeman, 2010). The silica membrane in the Qiagen RNeasy kits is thought to reduce
this problem to an extent (Wang and Stegeman, 2010); indeed, more purified RNA was obtained using this
method. Even though the Qiagen kit was shown to be more efficient at purifying the RNA, the Trizol kit was
nevertheless more cost-effective for the large amount of samples processed during this project.
2.8.2 cDNA synthesis
The purified RNA was converted to single-stranded, complimentary DNA (cDNA) using Applied Biosystems
High Capacity RNA-to-cDNA reverse transcription kits (Life Technologies, Paisley, UK). Sterile, filtered
pipette tips were used as before for all reactions. In order to keep the pipetting errors to a minimum and
minimise variation between cDNA and PCR processing lots, the same recently calibrated pipettes were used
throughout.
Table 2.2: The components of the 2X Mastermix used to transcribe RNA to cDNA. RT buffer is the reverse
transcriptase buffer and dNTP is a premixed deoxynucleotides solution required for cDNA synthesis. 10µl of
Mastermix was then pipetted to tubes with 10µl of RNA to make a 1X RNA-Master mix solution.
Reagent Amount (µl)
10x RT buffer 2
dNTP mix 0.8
Random primers 2
Reverse transcriptase enzyme 1
Nuclease-free water 4.2
Table 2.2 lists the reagents and amounts used in the 2X cDNA master mix. The master mix was made up
as n+1, where n is the number of samples and the extra reaction mix allows for pipetting errors. The reaction
mix was kept on ice until used.
In order to normalise RNA amounts, RNA was diluted in nuclease-free water (Life Technologies, Paisley,
UK) and made up to 10µl reaction volumes in 500µl Eppendorf tubes. 100ng of purified RNA was used per
PCR primer reaction, so at least 400ng of RNA was used for one cDNA reaction. For each 10µl of cDNA
solution, 10µl of cDNA Mastermix (table 2.2) was added to the tube. The tubes were vortexed to mix and
briefly centrifuged to collect the liquid at the bottom of the tube.
All reaction tubes were then placed in the slots of a 60-well tube holder in a programmable thermal cycler
(PTC-100; MJ Research, Bio-Rad laboratories Ltd, Hemel Hempsted, UK). The outside wells were avoided
in case of uneven temperatures. cDNA was synthesised according to the manufacturer’s instructions using a
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pre-programmed reverse transcription cycle, outlined in table 2.3.
Table 2.3: Reverse transcription (RNA-to-cDNA) reaction in PTC-100.
Time Degrees ( C) Step description
10 min 25 Reaction equilibrated
120 min 37 Reverse transcription
5 min 85 Enzyme degraded
Up to 99 h 4 Storage (if required)
At the end of the reverse transcription reaction, cDNA was cooled down and temporarily stored in the
machine at 4 C (usually overnight, table 2.3) and removed to storage in -20 C if used within a few days, or
-80 C for longer term storage, or used immediately for further gene expression analysis.
2.8.3 Quantitative real-time PCR gene expression analysis
The amount of mRNA present for the desired genes was quantified using quantitative real-time polymerase
chain reaction (qRT-PCR) analysis. The qRT-PCR technique is based on a fluorescent signal emitted by the
primer during the PCR cycle in a reaction with the cDNA synthesised during the previous step.
For qRT-PCR, Applied Biosystems Taqman-labelled gene specific PCR primers were used (Life Technolo-
gies, Paisley, UK). These are highly-sequence specific primers with a fluorescent FAM (fluorescein) reporter
at the 50 end and quencher at the 30 end. When intact, the reporter fluorescence is quenched due to the prox-
imity of the quencher. During annealing (at 55-60 C), the probe is hybridised to the target gene sequence
and the reporter is cleaved off by exonuclease activity. As the reporter is no longer proximal to the quencher,
a fluorescent signal is produced, which is proportional to the amount of product amplified. A ROX passive
reference dye is used in all Taqman primers to normalise signal variation caused by e.g. pipetting errors.
GAPDH
The expression of the gene of interest is compared to the expression of an endogenous (internal) control gene
in the samples. The expression levels of the endogenous control should remain constant in the all experimen-
tal samples throughout the time points. However, in practice this is difficult to achieve, and there is no single
gene appropriate for this purpose (Vandesompele et al., 2002).
During this study, levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as an endoge-
nous (internal) control for all samples, as this is a commonly used control for qRT-PCR experiments. Although
this is a commonly used endogenous control gene, the levels of this may vary (Vandesompele et al., 2002).
Ideally, several endogenous controls would have been used, however, GAPDH had been previously optimised
to be used with the AM-1 cell line with the current experimental set-up (C. Raison, unpublished data).
Target genes were normalised to GAPDH levels automatically after the PCR run by the Applied Biosystems
software.
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Reaction efficiency
PCR assay optimisation can be evaluated using the equation of the linear regression line and Pearson’s cor-
relation coeffient (r), with evenly spaced amplification curves producing a linear standard curve. The linear
standard curve is calculated as follows:
E = 10 1/slope
where E is the amplification efficiency and slope is the standard curve y coefficient. For a 10-fold serial
dilution, the Ct values should be separated by 3.32 cycles (i.e. a slope of -3.32, although values between
-3.58 and -3.10 are within the accepted range). Therefore, the reaction efficiency is calculated as follows:
10 1/slope =  3.32
The percentage efficiency of the reaction is then calculated as:
(E   1)⇥ 100 = (%)
(2  1)⇥ 100 = 100%
Where a reaction efficiency (E) equalling 2 indicates a perfect doubling (i.e. 100%) of the PCR product on
each cycle and therefore a 2-fold increase of copy number per cycle. The efficiency of all Taqman probes was
verified by Applied Biosystems to be 100±10%, which is within the accepted efficiency range.
Calibrator samples
For final analysis of several separate plates within the same study, a calibrator sample to which all other
samples are compared is required. Calibrator samples can be one of the control samples, a pool of all samples,
or an altogether unrelated sample; the only condition is that all assayed genes must be expressed in the
calibrator. Different experimental runs (and at different times or cohorts) should each have the same calibrator
to enable comparisons later on.
PCR reaction set-up
For the qRT-PCR reactions, Taqman Gene Expression Master Mix (Life Technologies, Paisley, UK) was used.
The 1XMaster Mix protocol is detailed in table 2.4. The PCRMaster Mix solutions were made up in separate
1.5ml Eppendorf tubes for each gene analysed as n+2, where n was the number of samples analysed. These
were all kept on ice until needed.
The primers used for the genes of interest were as follows: alkaline phosphatase (ALP) and bone mor-
phogenic protein-2 (BMP2) were used to probe mineralisation and osteoblast activity within the bone-like
scaffolds. OPG, RANKL, TRAIL and NFB were all used to assess bone turnover in the bone-like co-
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Table 2.4: Table of Mastermix (MM) reagents used for qRT-PCR gene expression analysis. The reagents
shown here make up a 20µl MM solution per sample well. These were multiplied by n+1, where n is the
sample number, for each gene to be analysed to get the final amount added to the MM.
Reagent Amount (µl)
20x Master Mix 12.5
Nuclease-free water 6.25
Primer 1.25
cultures. MMP-2 and MMP-9 was used to probe the levels of matrix metalloproteinase-2 and -9 in the
scaffolds. PTCH1 and SMO are common mutations present in ameloblastoma tumours.
Taqman Gene Expression assay primers used in this study are shown in table 2.5. All gene expression
assay primers were purchased from the range at Applied Biosystems, none were custom made for this study.
Assay primers which are labelled ‘ m1’ at the end of the primer name, span an exon-exon junction, which
makes them specific for cDNA, ie. they should not detect genomic DNA contaminants. Freeze-thaw cycles
were avoided by aliquoting the primers upon receipt. All primers were stored in the dark at -20 C to avoid
degrading the fluorescent probe.
Table 2.5: Details of primers used for genes of interest during this study. The primer names, numbers, lot
numbers and amplicon length are included for reference.
Primer Name Lot number Amplicon length
GAPDH Hs03929097 g1 P140716-004 E08 58
ALP (ALPL) Hs01029144 m1 762138 G12, P140328-011 B09 79
BMP2 Hs00154192 m1 P140117-007 A01 60
MMP-2 Hs01548727 m1 1287510 G8 65
MMP-9 Hs00234579 m1 1361372 A12 54
NFB1 Hs00765730 m1 1334081 D7 66
OPG (TNFRSF11B) Hs00900358 m1 1310710 G6 74
PTCH1 Hs00181117 m1 P130816-004 A12 72
RANKL (TNFSF11) Hs00243522 m1 1272548 C5, P140721-006 B02 67
SMO Hs01090242 m1 1341910 54
TRAIL (TNFRSF1) Hs00366278 m1 1346129 F6 62
A plate holder and MicroAmp optical 96-well reaction plates (Life Technologies, Paisley, UK) were pre-
cooled on ice before reaction set-up. 5µl of each cDNA sample was added to the wells of the plate. cDNA
from a pool of untreated, single-cell type samples from day 0 of culture was used as a calibrator sample. The
same calibrator sample was used for all plates which would subsequently be used in one study. The calibrator
sample ensured normalisation of the gene expression levels between plates.
Running controls used for each plate included: a well without cDNA to control for any contamination present
in the reaction solutions, a well without primer to control for any genomic DNA contamination and a calibra-
tor sample. All controls and samples were run in triplicate.
20µl of Master Mix solution was added to the primer-specific wells, so the total volume in all reaction wells
was 25µl. The plate was covered with MicroAmp optical adhesive PCR-compatible film (Applied Biosys-
tems) and briefly centrifuged to mix and collect all of the reagents at the bottom of the wells.
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The qRT-PCR reactions were run on an Abi Prism 7300 RT PCR system with associated software and the
run was set up according to the details in table 2.6. TaqMan PCR reagents include Uracil DNA glucosylase
(UDG), which is an enzyme used to reduce DNA carry-over contamination in the samples, as it cleaves the
uracil residues present in any contaminants leaving the target cDNA template unaffected. The first step in the
PCR reaction is designed to activate this enzyme.
The optimised standard qRT-PCR run included 40 cycles of annealing and extension as detailed in table 2.6.
Data acquisition was carried out in step 2 of stage 3. A representative image of an amplification plot can also
be found in the appendix fig. B.1.
Table 2.6: Table detailing the thermal cycler profile used for qRT-PCR in this study. A total of 40 amplification
cycles were used.
Stage Temperature Time and repeats Function
Stage 1 50 C 2 minutes, 1 repeat UDG activation
Stage 2 95 C 10 minutes, 2 repeats Polymerase activation
Stage 3 95 C 15 seconds, then Denaturing
60 C 1 minute, 40 repeats of each Annealing / Extension
To analyse the resulting qRT-PCR data, the following two parametres were defined on the software:
1) The threshold, which is the cycle number within the exponential part of the amplification curve at which
fluorescence accumulation in samples becomes detectable. The intersection of the threshold line with the
amplification plot is the Ct (threshold cycle) value. Small amounts of starting template lead to more amplifi-
cation cycles needed for detectable, above background, levels of fluorescence.
2) The baseline, which is the value for background fluorescence before gene amplification starts; fluorescence
is subtracted from the results when the baseline is set.
Once the qRT-PCR run was complete, the baseline and threshold values were manually adjusted for each gene.
For calculating changes in gene expression levels in the samples, changes in gene expression were ex-
pressed as the relative fold difference in expression (ddCt; Livak method). This is the ratio of the gene of
interest, relative to the calibrator gene expression, and normalised to the endogenous gene levels between
the two samples. This method is especially useful for small quantities of starting product. The ddCt method
assumes that the assay efficiency for both target and reference genes was 100% (± 5% of each other).
In order to calculate the ddCt value of the reaction, the target gene is first normalised to the reference gene
for both test and calibrator samples:
 Ct(test) = Ct(target,test)   Ct(ref,test)
 Ct(calibrator) = Ct(target,calibrator)   Ct(ref,calibrator)
Then, the  Ct of the test sample is normalised to the Ct of the calibrator
  Ct =  Ct(test)   Ct(calibrator)
CHAPTER 2. MATERIALS AND METHODS 88
Finally, the normalised expression ratio is calculated. Ct is on a log scale (base 2), so to find the linear fold
change in expression between the sample and calibrator, the formula is:
2   Ct = normalised expression ratio
The normalisation compensates for any differences in the starting amount of sample.
These values were automatically calculated by the Abi Prism software and were plotted using GraphPad Prism
6, and the significance levels were calculated as detailed in section 2.11.
2.9 Examining the co-culture models using microscopy
One of the benefits of using collagen as the main scaffold material is that it was possible to examine the
scaffolds and the cells within it using microscopy techniques. This also enabled examination of the cells in
situ and of any cell-to-cell interactions, as well as migration.
2.9.1 Transmission Electron Microscopy
In transmission electron microscopy (TEM), electrons pass through an approximately 100nm thick slice of
the sample, resulting in an image of the specimen at very high magnification. After sample preparation and
cutting, staining of the samples further increases the contrast between the different parts of the sample. This
increased contrast is due to an increase in electron scattering due to the presence of the heavy metal ions
(commonly lead or iron) in the stains used.
For sample preparation, 3% glutaraldehyde in 0.1M cacodylate buffer (Agar Scientific, Essex, UK) was used
to fix the samples for at least 24 hours at 4 C. Samples were then processed by embedding them in resin as
previously described by Richardson et al. (2009). Briefly, the samples were first dehydrated in a graded series
of ethanol alcohols (15 minutes each in 20%, 50%, 70% and 90%) and then infiltrated with hard-grade acrylic
LR white resin (London Resin Company, Reading, UK) as follows: 1:1 LR white:90% alcohol for 30min,
pure LR white for 1 hour, overnight in LR white (at 4 C) and one further incubation in LR white for 30min
the following day.
The samples were embedded in resin using 15µl of cold accelerator (London Resin Company, Reading,
UK) for every 10ml of fresh LR white resin. The embedding was done in tin foil containers with cold reagents
and containers, as the reaction was exothermic. Air was excluded from the top of the resin by placing Parafilm
(Agar Scientific, Essex, UK) over the exposed surface; any resin in contact with air does not set. The samples
were left to set at 4 C for a minimum of 24 hours before removal to room temperature for two hours before
cutting.
The samples were cut out from the resin using an ultramicrotome (Ultra-cut 710710, Reichert-Jung).
Approximately 85-90nm thick sections were cut from all samples using a diamond knife (Ultra-cut Diatome
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45 , Reichert-Jung) and mounted on 3.05mm gold electron microscope grids (Agar Scientific, Essex, UK)
and air dried. The grids were then briefly stained in uranyl acetate (5min) and washed twice in absolute
alcohol (5min per wash), before viewing and imaging in the TEM at 80kV, with associated software (CM12
Transmission Electron Microscope, Philips, Eindhoven, The Netherlands).
2.9.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a surface scanning technique, where electrons are focused to a beam
and used to scan the sample to produce an image. The samples are first dried and coated with an electrically
conducting material to allow imaging, and are imaged in a vacuum. However, as the processing removes all
water from the samples, cellular and three-dimensional structures are difficult to image.
In this project, SEM was carried out to examine the structure of the cellularised gels, and to assess cell move-
ment in the vicinity of the Bio-Oss particles, cell infiltration into the pores of the particles, cell growth on the
collagen gels and collagen degradation over culture time.
Samples were first cut so as to expose the desired area of examination, e.g. the centre of a collagen gel
or the interface between two gels in a co-culture model, as the SEM only images the surface of a sample.
They were then fixed in 3% glutaraldehyde in 0.1M cacodylate buffer (Agar Scientific, Essex, UK) at 4 C.
Samples were first dried in a graded series of ethanol alcohols as for TEM (15min each in 20%, 50%, 70%,
90% ethanol and 3x 10min in absolute alcohol) and then immersed in hexamethyldisilazane (HMDS; Sigma-
Aldrich Company Ltd, Gillingham, UK) for critical point drying. Samples were left to dry for at least an
hour in the fume hood before mounting. Samples were mounted on 0.5cm SEM stubs (Agar Scientific, UK)
using a thin layer of wood glue (Evo Stik, Bostik, Leicester, UK) for increased drying speed. All stubs were
then sputtered-coated with a gold-palladium coating in a vacuum (Polaron E500, Quorum Technology, UK).
Samples were viewed at a voltage of 5kV using a JEOL 5410LV SEM (JEOL UK, Welwyn Garden City, UK)
and associated software.
2.9.3 Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy (CLSM) enables fluorescent 3D visualisation of cells and proteins within
samples. Samples were stained as detailed below and then moved to 6-well plates with approximately 4ml
PBS per well for viewing under the CLSM using a 40X water objective. For viewing under a 10X objective,
the samples were placed on microscope slides (VWR International, Lutterworth, UK), with a small amount of
PBS surrounding the sample to prevent it from drying out during imaging. A Bio-Rad Radiance 2100 confo-
cal microscope, fitted to an Olympus BX51 upright microscope and ProScan II X-Y stage (Olympus, Essex,
UK), with associated Lasersharp 2000 software (Bio-Rad, Hemel Hempsted, UK), was used for imaging the
fluorescently stained samples.
The lasers used were an Argon laser at wavelength 488nm producing a blue light and emitting green flu-
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orescence and a Helium Neon (HeNe) laser at wavelength 543nm producing a green light and thus a red
fluorescence.
Lambda scanning was used throughout for imaging the samples. This mode excites the samples separately by
separating the fluorochromes and records the image slices obtained separately. This minimises the amount of
bleed-through from the other wavelength in the samples and thus reduces artefacts. For imaging, three to five
areas of the sample were selected in all samples for consistency as visualised in fig. 2.12.
Figure 2.12: Schematic visualising the areas routinely imaged during fluorescent microscopy. Two areas on
the co-culture construct interface were routinely imaged, as well as one in the middle of each co-culture part,
and two on each separate construct edge. Three areas of the control constructs were also imaged.
2.9.4 Fluorescent microscopy
For the Cell Tracker assays (section 2.10.1) the samples were imaged using a DM IRB inverted fluorescent
microscope (Leica Microsystems Ltd, Milton Keynes, UK) with associated software to localise the cells
within the samples and identify the two populations. Cell Tracker-stained GF + AM-1 samples were imaged
at 2h, 24h, 48h, 72h and 96h after co-culture production. HOB + AM-1 samples were imaged every 24h from
2h after seeding for up to 14 days.
Typical exposure times for the different filters when using the DM IRB were as follows: green channel -
462ms, blue channel - 50ms, light channel - 1-2ms.
2.9.5 Nuclear stains
Cell nuclei were stained with a selection of different stains depending on the different antibodies and other
stains used at the same time and the wavelengths of these.
All staining for fluorescent microscopy was carried out in tin-foil wrapped plates in order to minimise photo-
bleaching during stain incubation and sample washing.
DAPI
The DAPI (4’,6-diamidino-2-phenylindole) stain emits blue light under UV light when bound to DNA. DAPI
is a semi-impermeant stain, which associates with the minor groove of double-stranded DNA in mostly dead
cells and, depending on the cell line, live cells (Dellinger and Geze, 2001). Due to the potential cytotoxic
effects of the stain, it was not used with primary osteoblasts. On the other cell lines, it was used at a low
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concentration due to its potential cytotoxic effects.
For staining of co-cultures, 180µM DAPI stock from a SelectFX Nuclear Labelling Kit (Invitrogen, Paisley,
UK) was diluted in PBS. 300nM of DAPI stain in 1ml PBS per sample was incubated for 15 min at RT. DAPI
staining was viewed using the UV filter on a DM IRB inverted 2D fluorescent wide-angle microscope (Leica
Microsystems, Milton Keynes, Germany).
Sytox green
The Sytox green stain is a cell impermeant cyanine dye, which binds to nucleic acids in dead cells. This stain
was used as a counterstain for some immunofluorescence (ICC) experiments. The Sytox green stain (from a
SelectFX Nuclear Labelling Kit (Life Technologies, Paisley, UK)) was diluted in PBS. A final concentration
of 250nM of solution was applied as a nuclear counterstain to methanol-fixed and permeabilised cells during
immunostaining. The dye was incubated for the last 20min of secondary antibody staining and then washed
three times with PBS prior to viewing the samples in the CLSM.
2.9.6 Live/Dead staining
Live/Dead staining, which allows live cells and dead or dying cells within tissues to be imaged simultane-
ously, was carried out using a 2µM calcein AM and 4µM Ethidium homodimer-1 (EthD-1) solution (both
from Life Technologies, Paisley, UK). EthD-1 is a nuclear stain and fluoresces red at 555nm. The calcein
AM stain stains the cytoplasms of live cells and fluoresces green at 488nm. Calcein AM can also stain the
cytoplasms of dying cells, but the resulting stain is granular due to ongoing apoptosis in that cell.
The staining solution was made up in 10ml of sterile, 37 C PBS according to manufacturer’s protocol and
incubated with the samples on a Biometra WT I 6 shaker for 20-30min. After staining, the gels were washed
once in PBS to rinse off excess stain and placed in PBS for imaging using confocal microscopy as detailed in
section 2.9.3 or fluorescent microscopy as detailed in section 2.9.4.
The red EthD-1 stain was also used as a nuclear counterstain during immunocytochemical staining.
2.9.7 Immunocytochemistry
Immunocytochemistry (ICC) is a highly specific technique, which involves fluorescently labelling proteins
and molecules within constructs with first a primary antibody to the desired protein (epitope) (Hayes et al.,
2008). This primary antibody is then bound to a secondary antibody, which is linked to a fluorophore. The
fluorescence emitted by the secondary antibody can be viewed under fluorescent microscopes, enabling view-
ing of both the presence or absence of the target protein, as well as the location of the target within the cell
nucleus, cytoplasm or extracellular matrix.
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In this project, the fibroblast and tumour-associated fibroblast markers fibroblast surface protein (FSP) and
fibroblast activation protein (FAP) were used to label fibroblasts within the co-culture scaffolds. The bone
cells within the constructs were labelled using osteopontin (OPN). AM-1 cells were labelled with ameloblastin
(AMBN), as vimentin, which is sometimes used to label ameloblastoma cells in histological studies is also
abundantly expressed by fibroblasts, and could therefore not reliably be used as a label to differentiate the two
cell types from each other in co-culture. Matrix metalloproteinase-2 was labelled with an MMP-2 antibody.
All steps for both double and single ICC of the co-culture models were carried out on a plate shaker to
ensure even mixing and thorough washing. First, media was removed from co-culture samples and the sam-
ples were fixed using ice-cold methanol (Fisher Scientific UK Ltd, Loughborough, UK) for 15min. Samples
were then washed three times at 5min each with ice-cold PBS.
Cells in the samples were then made permeable using PBS with 0.25% Triton-X100 (PBST; 0.01M phosphate
buffer, 0.0027M KCl, 0.14M NaCl both from Sigma-Aldrich Company Ltd, Gillingham, UK) for 10min. The
methanol used for fixing causes some permeability, but this additional step ensured the scaffolds were fully
permeable to the antibodies used.
Non-specific binding sites within the constructs were blocked using freshly made up 1% BSA in PBST
(Sigma-Aldrich Company Ltd, Gillingham, UK) for 30min.
For single ICC, one primary antibody was diluted in PBST + BSA according to the dilution details in
table 2.7. For double ICC, two primary antibodies were diluted according to table 2.7 and mixed in one tube
of PBST. The antibodies used for double ICC were raised in different species to avoid cross-reactivity. All
antibodies used for ICC detailed in table 2.7 were purchased from Abcam (Cambridge, UK).
Table 2.7: Details of primary antibodies used for immunofluorescence. The antigen column specifies the
protein the antibody reacted with. The species column specifies the species the antibody was raised in,
and therefore which secondary antibody bound to the primary antibody used. The clonality is specified in
the mono/poly-clonal column; monoclonal antibodies are raised in a single animal and therefore have a very
specific reactivity, whereas polyclonal antibodies are raised in several animals of the same species and provide
a more sensitive but less specific reactivity. The dilution used for the immunofluorescence assays is specified
in the dilutions column, and the final concentration of the antibody when diluted in PBST is specified in the
final concentration column.
Antigen Species Clonality Epitope Dilution Final concentration
AMBN Rabbit Polyclonal IgG 1:500 2µg/ml
OPN Mouse Monoclonal IgG2a 1:500 2µg/ml
MMP-2 Mouse Monoclonal IgG1 1:500 2µg/ml
FSP Mouse Monoclonal IgM 1:200 1µg/ml
FAP Rabbit Polyclonal IgG 1:200 5µg/ml
Each sample was incubated with 500µl of primary antibody solution for 1h on a plate shaker at RT. After
incubation, samples were washed three times with PBS for 5min each. Control samples were stained simul-
taneously, with one or both of the primary antibodies omitted to ensure antibody specificity.
The species which the primary antibody was raised in dictated the secondary antibody species as detailed
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in table 2.8. The following secondary antibodies were used for each primary antibody:
AMBN: goat anti-rabbit IgG AF555
OPN: goat anti-mouse IgG AF488
MMP2: goat anti-mouse IgG AF488
FSP: rabbit anti-mouse IgM AF488
FAP: goat anti-rabbit IgG AF555
For the single ICC stained samples, one secondary Alexa Fluor (AF) antibody was diluted in PBST and
used for fluorescent staining. For single ICC staining, the secondary antibody was incubated for 40min at
RT. Then, for AF488-stained samples, EthD-1 was added and for AF555-stained samples Sytox green was
added to the staining solution in order to counterstain nuclei in the samples. Samples were incubated for an
additional 20min with this double stain for a total secondary antibody incubation time of 1 hour.
Table 2.8: The secondary antibodies used for immunofluorescence studies during this project are detailed
here. The columns detail the excitation / emission (ex/em) wavelengths of the two different Alexa Fluor
antibody types, the species they were raised in, the species they react with, the dilution of antibody used for


























For the double ICC experiments, two secondary AF antibodies were mixed together in PBST; again, the
two secondary antibodies were raised in different species. Secondary antibody incubation for double ICC
staining using both AF488 and AF555 was carried out for 1 hour at RT on a plate shaker to ensure even
antibody penetration throughout the constructs.
All secondary antibody incubation was carried out in the dark in order to minimise photobleaching of the
fluorochromes.
After secondary antibody staining, the samples were washed three times with PBS at 5min each. Targets
stained with AF488 were visualised as green staining, and targets stained with AF555 were visualised as
red staining under the confocal microscope. Composite images of the two channels were created in ImageJ
software (National Institute of Health, USA) as detailed in section 2.11.
2.10 Monitoring cell invasion in the models
Cell Tracker dyes enable fluorescent staining and thereby visualisation of distinct cell populations within 3D
scaffolds over long periods of time. In addition to the Cell Tracker assay, immunocytochemistry with confocal
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microscopy was also used to assess cell interactions in the co-culture models.
2.10.1 Cell Tracker
The Cell Tracker assay was used for tracking cells in mixed populations in the collagen co-cultures. Two
dyes were used in this project: CellTracker Green CMFDA (5-chloromethylfluorescein diacetate) and the
red CellTracker CM-DiI (Chloromethylbenzamido-DiI) (both from Life Technologies, Paisley, UK). Both are
fluorescent dyes which are retained by the cells for multiple generations and for over 72 hours, allowing for
long-term imaging of cells in separate populations and tracking of cells within constructs. The dyes, which
were added to the cells prior to incorporation in the collagen scaffolds, do not transfer to adjacent cells, only
to daughter cells, with diminishing fluorescent signal. Therefore, faster dividing cells have a shorter window
for successful staining.
By incorporating a larger number of cells into the collagen co-culture scaffolds when using Cell Tracker, and
effectively making the gels confluent to start with, the division of the cells can be limited and the fluorescent
signal maintained for longer. The basic process for labelling the two cell populations is shown in fig. 2.13
(image adapted from Iyer et al. (2009)).
Both Cell Tracker dyes were solubilised to a concentration of 10nM in sterile filtered DMSO (Sigma-Aldrich
Company Ltd, Gillingham, UK) according to the manufacturer’s protocol before use.
Figure 2.13: Schematic for Cell Tracker labelling of the 3D GF + AM-1 co-cultures for an invasion study.
Note that only the cytoplasms are stained with Cell Tracker, enabling counterstaining of the nuclei. Parts of
image adapted from (Iyer et al., 2009).
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Cell Tracker Green
For GF + AM-1 co-cultures, GF cells were stained with the green Cell Tracker dye (CTG). GF cells in a
75cm2 flask were washed once with PBS and 2mM of CTG (ex/em 492/517nm) in DMSO in 10ml KSFM
was added per flask to stain the cells. The stain was incubated for 45min at 37 C. After incubation, the cells
were washed, detached, counted and incorporated into collagen-Matrigel gels as normal. 300,000 cells/ml
collagen were used. GF + AM-1 constructs were counterstained with DAPI 30min before imaging on day 0
as detailed in section 2.9.5.
For HOB + AM-1 co-cultures, the AM-1 cells were stained with the green stain, as this was found to be the
more prominent stain and monitoring of AM-1 invasion was desired. 300,000 cells per ml of collagen gel
were incorporated as before and made into co-cultures after the constructs had set. HOB + AM-1 co-cultures
were incubated up to 14 days, as it was found that these slow dividing cell types in this co-culture retained
the fluorescence for a longer time period.
Cell Tracker Red
For GF + AM-1 co-cultures, AM-1 cells were stained with Cell Tracker Red (CTR). The AM-1 cells were
washed, detached and resuspended as normal in 2ml KSFM in a 15ml tube. A final concentration of 40µM
CTR (ex/em 553/570) was then added to the cell suspension, and the cells were incubated for 45min in the
suspension with occasional mixing at 37 C.
The suspension was then centrifuged to pellet the cells and to remove the CTR dye, washed once in fresh
KSFM, counted and incorporated into collagen gels as normal. The standard protocol for GF co-culture
compression was then followed to make 16 co-culture gels. 30min before imaging on day 0, GF + AM-1
constructs were counterstained with DAPI as above.
For HOB + AM-1 co-cultures, HOB cells were stained with the CTR stain as above, and collagen + Bio-Oss
constructs were made as normal. 12 co-culture constructs were assembled immediately after the gels had set.
Quantification of invasion
Cell Tracker-labelled cell invasion was quantified using ImageJ using a zonal system - i.e. three zones to
indicate the proportion of cells within the constructs which had at a given time point migrated to the zones.
This methods enabled both a quantification of migrated cell number as well as a rough measure of how far
the cells had travelled (and whether with time, more cells travelled further).
Initially, both the light micrograph and the fluorescent image were opened up next to each other, and the
light micrograph (with the interface between the two constructs clearly visible) was used to label the interface
area in the fluorescent image. The interface was indicated with a line. Then, two lines were used at an
(arbitrary) 1cm distance away from the interface line to denote the borders between zones 1-2 and 2-3, so
that the distance between lines 2 and 3 was also 1cm. A 1cm zone size was used for all 1024 x 1024 pixel
images. Then, the cells in each zone were counted using the ImageJ ’Cell Counter’ plug-in. Only AM-1
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cells (green in the HOB + AM-1 Cell Tracker study) were counted, and only distinct cells were counted, i.e.
only those which were in focus within the constructs when using this microscope. This latter limitation may
have lead to some discrepancies in the numbers as cells move in 3D space within the constructs as opposed to
the 2D cross-section, where the depth through the constructs most probably varied between time points. The
resulting numbers were plotted as a percentage of total cell number seen in the image in order to normalise
for any variation in the area of scaffold viewed as well as any variation in cell proliferation. Plotting and
statistical analysis were carried out using GraphPad Prism.
2.11 Computing and statistical analysis
All assays were performed in at least triplicate sets of samples for each time point and condition, sample
numbers for each assay are given with the relevant results. Data were compared with baseline values where
possible; this was either a day 0 value or a corresponding untreated sample from the same time point. Raw
data handling was carried out in Microsoft Excel 2011 (Microsoft Redmond, WA, US). Scale bars were
placed on images using the ‘set scale’ and ‘add scale bar’ functions in Image J64 (National Institutes of
Health, Bethesda, US). Collagen construct area calculations, and Bio-Oss measurements were carried out in
ImageJ64 as detailed in the appendix.
The two different channels for confocal microscopy images were merged in ImageJ64 using the ‘merge chan-
nels’ tools. Z-stacks and 3D image stacks were also created in ImageJ64. Fluorescent microscopy images
(from the Leica DM IRB) were false coloured in ImageJ64 using the ‘image’, ‘colors’ and ‘channels tool’
functions and merged with the other channels to produce multicoloured images. Other microscopy and macro-
scopic images were edited using ‘iPhoto’ and ‘Photos’ software (Apple Inc, Cupertino, CA, US). Graphs were
plotted and statistical analysis was carried out with GraphPad Prism 6 (GraphPad Software Inc. La Jolla, CA,
US). Error bars were plotted on graphs using the 95% confidence interval (CI) as standard, or using the stan-
dard deviation (SD). Both of these were automatically calculated by GraphPad Prism. Use of either the CI or
SD is specified on all graphs. One- and two-way ANalysis of VAriance (ANOVA) with multiple comparisons
(Dunnett’s and Tukey’s multiple comparisons tests), Student’s T-test and column analyses (depending on the
study design) for statistical significances were also carried out in GraphPad Prism. The software indicated
significance levels as the following: * = p 0.05, ** = p 0.01, *** = p 0.001 and **** = p 0.0001.
Differences were considered statistically significant at p 0.05.
Standard curves were plotted from data which had been normalised for background fluorescence / lumines-
cence values. Plots were made in MS Excel 2011, the intersect at the y axis was set at 0 and the R2 value and
line equation were calculated by Excel. Example standard curves can be found in appendix C. These were
then used to calculate corresponding values from experimental readings.
Where cell proliferation is expressed as a percentage, percentage survival was calculated based on readings
obtained on either day 0 or day 1 of co-culture, where the earlier value was designated as ‘100%’.
Chapter 3
Development of a bone-like in vitro
model
In this chapter, the development of the bone-like model to form the basis of the jaw bone mimicking, bone-like
co-culture construct is described. The aims of this chapter were to first compare different methods for making
bone-like scaffolds in vitro, and to ascertain that the developed bone-like scaffolds were able to support cell
growth. The development involved the inclusion of bone cells to compressed collagen scaffolds together with
Bio-Oss bovine bone particles.
Cells from the HOS cell line were used to initially develop, optimise and standardise the process for mak-
ing the bone-like organotypic scaffolds. This cell line was chosen due to the fact that it proliferates quickly,
which enabled manufacture of several scaffolds at one time, as well as its mostly osteoblastic morphology,
which enabled the cells to mineralise the scaffold and model the behaviour of bone cells within the scaffolds.
However, as the HOS cell line is cancerous, this was not the ideal model to use for co-culture. Once the
HOS-incorporating model was optimised for ameloblastoma co-culture, primary osteoblast (HOB) cells were
used instead. Due to their primary nature, the HOB cell-incorporating models were more organotypic and
representative of the ameloblastoma tumour microenvironment.
The scaffolds were assayed for mineralisation using both qualitative histological staining as well as quan-
titative methods to assay alkaline phosphatase (ALP) production, as well as ALP and BMP-2 bone biomarker
gene expression. Furthermore, cell behaviour in the scaffolds and the ease of scaffold manipulation were
considered. An important consideration was the possibility to manufacture scaffolds consistently.
3.0.1 Factors considered in bone-like scaffold development
For the purposes of creating a scaffold which could easily be used for AM-1 incorporation or co-culture, the
following parameters were considered when initially developing the bone-like scaffold:
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• Cell survival and proliferation in the scaffold.
• Production of alkaline phosphatase (ALP) and bone morphogenic protein (BMP-2) by the cells in the
scaffolds. These are commonly accepted as standard proteins to assess the level of mineralisation taking
place.
• Cell-induced mineralisation of the scaffold which was visible using histology and increasing throughout
culture time.
• Mechanical properties of the scaffold which were close to those of native mandibular or maxillar bone.
Initially, different scaffold options were explored in the form of a collagen-only matrix, and different
collagen and Bio-Oss scaffold compositions considered in the form of Bio-Oss + collagen blocks and Bio-Oss
granules. The resulting mineralised, bone-like scaffold was then used for the co-culture models as described
in the following chapter.
3.1 Summary of methods
Collagen gels seeded with cells from the HOS cell line were plastic compressed (stabilised) and used as the
starting point for model development. 300,000 cells/ml collagen were used and the final compressed collagen
scaffolds were cut in 6-24 equal pieces, resulting in a cell number of approximately 3,125-12,500 cells per
gel. The number of bone cells used was based on similar scaffolds made elsewhere (Bitar et al., 2008).
Bio-Oss-collagen blocks with 300,000 HOS cells per block were used as an initial alternative to collagen-only
scaffolds to assess which scaffold provided the optimal basis for the bone-like scaffold.
Ultimately, Bio-Oss particles and rat-tail collagen solution were mixed together to achieve a suitable scaffold.
Mineralisation was assayed using a quantitative alkaline phosphatase assay and expression of the alkaline
phosphatase gene. Cell survival was analysed qualitatively using Live/Dead staining and quantitatively using
the Alamar Blue and Cell Titre Glo 3D ATP assays. The latter measures cell metabolic activity by quantifying
ATP levels, rather than proliferation, but there is a generally accepted correlation between the two (Crouch
et al., 1993). Histology (Von Kossa and H&E) staining and scanning electron microscopy were used to vi-
sualise the scaffold structure and ultrastructure, respectively. Finally, HOS cells were substituted for primary
osteoblast (HOB) cells to validate the results obtained and to provide a more in vivo-like model.
3.2 Collagen-only scaffold mineralisation
As bone is a mineralised construct, mineralisation of the cellularised collagen scaffolds was one of the main
parameters investigated during the development of the initial bone-like organotypic scaffold. Mineralisation
was assayed both qualitatively and quantitatively.
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Initially, Von Kossa staining of the gels showed no mineral (brown staining) present in the scaffolds with
HOS cells alone on days 1, 7 or 14 of culture in osteogenic media as seen in fig. 3.1A-C. Cells in these
scaffolds (counterstained red), were sparsely distributed. However, in longer term culture for up to 36 days,
Von Kossa staining showed a completely mineralised scaffold. Mineral staining in the collagen-only scaffolds
appeared from day 16 fig. (3.1D), with the entire construct mineralised by day 36 (fig. 3.1E).
Figure 3.1: Light microscope images of von Kossa-stained (VK) cellularised collagen-only scaffolds. Col-
lagen scaffolds on day 1 (A), day 9 (B), day 14 (C) did not stain for mineral when using the von Kossa
histological stain. Collagen gels on day 16 (D) showed some VK staining (dark brown / black), with staining
increasing until the whole structure appeared stained on day 36 of culture. F) A section of human trabecular
bone used as a control. The cells in the scaffolds are counterstained red. Scale bars = 100µm.
This showed that the compressed cellularised collagen-only scaffolds provided a suitable environment for
mineralisation by HOS cells. However, the time taken by the cells to mineralise the scaffolds was, at 36 days,
considered to be prohibitively extensive.
3.3 Cell survival in collagen-only scaffolds
The bone-like scaffolds were also required to support cell proliferation. HOS cell survival within the scaffolds
was assessed by Live/Dead staining. As shown in fig. 3.2, the cells appeared alive on days 7, 14 and 21 of
culture. However, as seen in fig. 3.2D, cell death in the scaffolds had increased by 28 days in culture. 28
days was therefore deemed the maximum time HOS cells could be kept in collagen 3D culture. However, this
time limit was 12 days less than the time necessary for mineralisation of the collagen-only scaffold to occur
as seen in fig. 3.1.
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Figure 3.2: Confocal micrographs of Live/Dead stained HOS cells in the collagen scaffolds. A) A sample on
day 7, when some cell proliferation was visible and HOS cells were all stained with the live (green) stain.
B) On day 14, the cells within the scaffolds exhibited a characteristic, slightly elongated morphology. Cells
remained mostly alive. C) By day 21, the scaffold had become largely confluent, which caused some cells to
die (red staining). Here, mostly alive cells were seen, but these were irregularly shaped. D) A sample on day
28, where some cells were still alive within the collagen-only scaffolds. Extensive cell death was also seen.
Representative images of n = 3. Scale bars = 50µm.
In addition, bearing in mind that the scaffold was required to be as mineralised as possible prior to co-
culture with AM-1 cells, a further shortening of the initial HOS cell culture time within the scaffolds was
required. Based on these results, it was decided that addition of mineral to these scaffolds would be necessary
in order to make the constructs more bone-like and aid the mineralisation process and therefore the co-culture
scaffold manufacture.
3.4 Addition of mineral: Bio-Oss granules and Bio-Oss blocks
A commercially available, bone-mimicking and mineralised construct was sought to provide the scaffolds
with additional mineral at an early culture time point. Ideally, these minerals would be added at a ratio mim-
icking native bone composition both in mineral and collagen content.
Initially, hydroxyapatite (HA) was considered, as it is widely used for synthesis of bone-like scaffolds. How-
ever, work on similar collagen scaffolds found that during long-term culture, the HA had a tendency to be
released into the surrounding media, as the spaces between the collagen fibre network were larger than the
HA crystals. This rendered the amount of HA within the scaffolds variable and decreasing with increasing
culture time (D. Thomas, unpublished data).
Bio-Oss is, as detailed in section 1.10.4, a commercially available, decellularised bovine bone substrate avail-
able both as granules and as pre-made blocks. The blocks are made up of 90% Bio-Oss held together with
10% porcine collagen, whereas the Bio-Oss granules are 100% decellularised bone substrate.
Both of these were added to cultures with HOS cells and kept in culture with osteogenic media to determine
which scaffold would improve mineralisation time while allowing for cell proliferation and survival within
the constructs.
Bio-Oss granules were used with a mixture of rat-tail collagen type II and Bio-Oss to create constructs
seen in fig. 3.3. The amount of Bio-Oss granules in the constructs was roughly quantified using area measure-
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Figure 3.3: HOS cellularised collagen + Bio-Oss culture gels after compression in osteogenic media. The
Bio-Oss granules were clearly visible when incorporated in the collagen constructs. The gels were cut after
compression to 12 or 24 equal square pieces for culture and further analysis. Scale bar = 10mm.
ments in ImageJ (an example can be found in appendix C). In some parts of the scaffolds, the final amount
of granules was varied due to uneven setting of the gels or clustering together of the granules. The results
indicated that the total amount of Bio-Oss granules in the constructs was on average 30% of the total construct
area, although this amount did vary somewhat. As this amount was lower than the mineral content in native
bone, an alternative in the form of Bio-Oss blocks was considered.
Bio-Oss blocks, seen in fig. 3.4A, were made up of 90% Bio-Oss and 10% collagen. The latter were
therefore more similar to native bone both in terms of protein (ECM) composition and mineral properties at
the start of the study. However, the blocks began to disintegrate during culture, and by day 10 they had mostly
dissolved in the culture media (fig. 3.4B), with abundant loose Bio-Oss granules present at the bottom of the
well. Furthermore, these blocks also became compliant when handled and disintegrated further due to the
slight disturbance caused by media changes.
Figure 3.4: Bio-Oss blocks in culture with HOS cells. A) On day 1, the Bio-Oss block appeared intact. B)
By day 10, the blocks had nearly disintegrated. The blocks became noticeably softer and more difficult to
handle when degradation of the block structure was taking place. Little cell migration was observed when the
bottom of the plate was examined microscopically. Scale bar = 10mm.
3.4.1 Cell survival on Bio-Oss blocks
HOS cells were incubated with Bio-Oss blocks for up to 14 days in osteogenic media and imaged using
Live/Dead staining and confocal microscopy to assess cell survival. As the blocks were large in size (5mm
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Figure 3.5: Live/Dead staining of HOS cells in 90% Bio-Oss + 10% collagen type I blocks. Red = dead cells,
green = live cells. Some block samples were cut in half after staining to image the middle of the constructs.
‘Surface’ refers to one of two sides of the block onto which HOS cells were seeded.
Top row: Day 1 surface (A), surface (B) and middle (C) of 90% Bio-Oss + 10% collagen blocks. Mostly
dead cells were seen at all points imaged on this early time point. Middle row: Day 7 surface (D), middle (E)
and middle (F) of 90% Bio-Oss + 10% collagen blocks. The blocks became very soft and fell apart around
day 10 of culture and as a result were difficult to handle and image. Mostly dead cells were seen in these
samples. Bottom row: G, H and I are all arbitrary locations imaged in Bio-Oss collagen blocks on d14, where
some alive but mostly dead cells were seen. Note also the abundant red staining of the scaffold present in G.
Representative images of n = 3. Scale bars = 100µm.
on edge) and opaque, it was not possible to microscopically examine cells deep within the structures on a
continuous basis.
Furthermore, due to the manner the cells were applied to the block (pipetting suspension on the surface of
the block), the distribution of cells on the blocks was uneven. On day 1, some cells appeared dead (fig. 3.5A),
whereas some were alive (fig. 3.5C). However, very few of the original 100,000 cells which were seeded onto
the constructs were seen. Some cells were still alive on day 7 (fig. 3.5D-F), yet abundant cell death was seen
in all samples at this time point. By day 14, very few live cells were seen in any of the samples examined (fig.
3.5G-I).
It is possible that the Live/Dead stain, in addition to staining HOS cells within the structures, also stained
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some remnant nucleic acids and proteins on the surface of the Bio-Oss particles. If this was the case, then these
nucleic acids and other remnant tissue components may have influenced the cells added to the blocks. This
type of staining in decellularised tissues has been documented before, in one study up to 85% of decellularised
samples examined stained for cytoskeletal proteins (Woods and Gratzer, 2005). Therefore, the extensive red
staining seen in fig. 3.5 may be a combination of HOS cells and remnant nuclei acids. However, as can be
seen, while numerous dead cells were observed, there were no extensive live cell populations present at either
the surface or deeper within the constructs at any time point examined.
3.4.2 SEM on Bio-Oss blocks
Initially, the softening and thereby disintegration of the Bio-Oss blocks, as seen in fig. 3.4B, was thought to be
due to the blocks absorbing the culture medium, but at later time points, when the blocks began disintegrating,
this was thought to be due to cell-induced degradation of the collagen linkages holding the blocks together.
Scanning electron microscopy was used to closely image the cells on the blocks, as well as the structure of
the constructs themselves. On days 1 and 7, the Bio-Oss particles appeared randomly distributed, and the
collagen fibres within the scaffolds were visible (fig. 3.6A and B).
Indeed, SEM imaging revealed that the most likely cause for the blocks softening, was the presumably
cell-induced remodelling of the collagen fibres (fig. 3.6C), which were present in the structures to maintain
them in their block conformation. Due to the difficulties in culturing the Bio-Oss blocks, as well as the de-
creased cell viability of HOS cells seeded on these blocks as seen in fig. 3.5, it was decided that the addition
of Bio-Oss granules to the collagen gels was the more optimal solution and was explored further during the
development of the bone-like model.
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Figure 3.6: Scanning electron micrographs of Bio-Oss blocks with HOS cells. A) Bio-Oss block on day 1
after HOS seeding. The collagen fibres, which made up 10% of the scaffold, appeared disorganised. B) Day
7 of culture and C) Day 14 of culture, where the block structure has shrunk visibly, and the collagen strands
previously incorporated in the scaffold seemed to have disappeared. Very few cells were seen at these time
points. Representative images of n = 3. Scale bars = 1mm.
CHAPTER 3. DEVELOPMENT OF A BONE-LIKE IN VITRO MODEL 105
Figure 3.7: Confocal micrographs of HOS cells in collagen-Bio-Oss constructs stained with Live/Dead stain-
ing. A) Cells on day 6 of culture appeared alive (green) to a large extent, with only a few dead (red) cells seen
throughout. Cells were elongated and well-dispersed within the scaffold. B) Cells on day 14 of culture. The
constructs were becoming more confluent, and although the cells were therefore less elongated on this time
point, they were all still alive. C) Cells on day 28 appeared very confluent. The majority of the cells were still
alive, but there was a growing amount of cell death seen, especially in the deeper parts of the scaffolds. The
live cells at this time point appeared more rounded than at the earlier time points, when the cell morphology
was elongated. The Bio-Oss blocks obscured some parts of the constructs, as these were opaque (as seen here
in the middle of A and C, where no cells were seen). Representative images of n = 3. Scale bars = 50µm.
3.4.3 Cell survival with Bio-Oss granules
The final amount of Bio-Oss granules to collagen was approximately 30% Bio-Oss and 70% collagen per
scaffold area in all samples (an example measurement can be found in appendix fig. B.8). The total amount
of collagen fibre in compressed constructs has been shown to be 10-20% of the total construct (Brown et al.,
2005; Bitar et al., 2007; Brown, 2013).
Cells in the collagen-Bio-Oss constructs were examined using Live/Dead staining for 28 days of culture,
with representative images seen in fig. 3.7. Cells in these scaffolds remained alive (stained green in fig.
3.7) and proliferated throughout the culture period. Cells in day 7 scaffolds were alive and appeared slightly
elongated with multiple projections. Similarly, cells in day 14 scaffolds appeared to have an osteoblastic
morphology and were largely alive; there were also noticeably more cells present on this longer time point.
By day 28, some cell death was seen deeper in the constructs and close to the Bio-Oss particles. By the end
of culture, the scaffolds appeared confluent and cells were evenly distributed throughout the scaffolds.
Initially, to quantify cell proliferation and survival in these constructs, the Alamar Blue metabolic assay
was used. This assay seemed to give an indication of viable HOS cells within the scaffolds when used for
the collagen-only constructs. As seen in fig. 3.8, HOS cells (white bars) appeared to increase in cell number
throughout initial one-week culture. By day 10 however, the metabolic activity of these cells had decreased.
In contrast, when Bio-Oss granules were added to the collagen constructs, the metabolic activity as measured
by the Alamar Blue assay reduced significantly (fig. 3.8, filled bars), when the same amount of HOS cells
was initially added to both scaffolds. This was thought to be due to a combination of factors: cell migration
through the pores of the Bio-Oss granules, mineralisation of the scaffold by the cells, Alamar Blue reagent
penetration issues through the Bio-Oss granules during incubation, remodelling of the scaffolds by the cells,
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Figure 3.8: Cell proliferation as measured using the Alamar Blue cell metabolic assay on HOS cells in
collagen-only scaffolds (unfilled bars) and in collagen + Bio-Oss scaffolds (filled bars). Significant differences
were found on all time points (p  0.0001), with more metabolically active cells present in the collagen-only
scaffolds throughout culture time. In the collagen + Bio-Oss scaffolds, cell metabolic levels appeared constant
throughout the culture time. **** indicates p  0.0001, two-way ANOVA, error bars = 95% CI, n = 3 for
both conditions.
and the Bio-Oss granules blocking the fluorescent reading upon measurement.
Additionally, as seen in fig. 3.7, the cells appeared to proliferate within the Bio-Oss scaffolds. A more reliable
method for quantifying the number of cells within these constructs was therefore required.
3.5 Mineralisation of Bio-Oss granule constructs
Mineralisation of the scaffolds was also assessed after Bio-Oss incorporation. Von Kossa staining showed an
instant increase in mineral in the scaffolds when Bio-Oss granules were incorporated (fig. 3.9A). The brown
Figure 3.9: The addition of Bio-Oss granules to the collagen constructs provided the scaffolds with instant
mineral. A) A day 1 sample, where the mineral (brown staining) is clearly seen. B) A day 7 sample, where
mineralisation has increased while cells (stained red) have proliferated. The Von Kossa stain appeared both
darker in colour as well as more abundantly distributed throughout the scaffold. Representative images of n
= 3. Scale bars = 100µm.
mineral staining appeared similar to that seen in the trabecular bone controls in fig. 3.1. Additionally, as
seen in fig. 3.9B, the staining appeared both stronger and more abundant with increasing culture time. This
indicated increasing mineral produced by the cells in the constructs.
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Figure 3.10: Alkaline phosphatase (ALP) levels in HOS cellularised collagen + Bio-Oss constructs. A) ALP
activity was quantified in constructs with and without Bio-Oss. In both construct types, an increase in ALP
was seen in the first week. After this, ALP activity reduced, although this reduction was more pronounced in
the constructs without Bio-Oss. A significant difference in ALP activity was seen between the two construct
types on day 9 of culture, with a more sustained level of activity seen in the constructs with added Bio-Oss
(*). ALP activity in both constructs reduced to approximately equal levels after this time. B) ALP gene
expression in HOS cells in collagen and Bio-Oss constructs as quantified by qRT-PCR analysis. There was
a significant increase in ALP mRNA levels seen on days 8 and 11 (*) compared to the other time points. In
both A and B, asterisks (*) indicate a p 0.05. ALP levels in A are expressed as ‘units per millilitre’ (U/mL).
Unpaired t tests, error bars = 95% CI.
3.6 Alkaline phosphatase levels increased in the bone-like constructs
Production of alkaline phosphatase as a marker of osteoblast activity was quantified in the scaffolds both
using a colorimetric ALP assay as well as qRT-PCR gene expression.
Results from the protein-based ALP assay in fig. 3.10A indicated that ALP levels increased during the
first week in culture. After the first week in the collagen-only cultures, ALP levels then quickly reduced to
below day 3 levels for the remaining culture time. However, in cultures with added Bio-Oss, this decrease was
more gradual, with ALP levels on day 9 remaining high and reducing to levels seen initially by day 14. This
result correlated with the osteoblasts producing abundant ALP to induce the early stages of mineralisation,
while the maturation and further mineralisation of the bone tissue proceeds by itself, as documented by other
studies (Rattner et al., 2000).
Gene expression analysis (fig. 3.10B) revealed a significant increase in ALP levels in the constructs with
increasing culture time. Initially, low levels of ALP mRNA were detected in all samples. A large increase
was then seen during days 11 and 14 of constructs cultured in osteogenic media. Levels of ALP detected at
these time points were approximately 30-fold compared to those detected in the calibrator (day 0) samples,
indicating abundant active osteoblast-like cells within these cultures.
There was a discrepancy between the two graphs in fig. 3.10, as ALP gene expression (in fig. 3.10B) was
seen to increase when ALP activity (fig. 3.10A) was already reducing. This could be due to the fact that
the ALP activity assay was colorimetric, and therefore less sensitive than qRT-PCR, which measured mRNA
levels. Additionally, all the cells in the constructs were carefully lysed for gene expression analysis, whereas
the ALP activity assay was carried out on samples which were less well-lysed due to preparation methods.
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Figure 3.11: Scanning electron micrographs of collagen + Bio-Oss constructs. A) Bio-Oss granules were
large and irregularly shaped. Some pores (indicated by black arrows) were visible on the surface of the
granules. B) By day 14, the surfaces of samples seeded with HOS cells were seen entirely covered with a
layer of flattened, elongated cells. C) Close-up of a surface, where cells with osteoblast-like morphologies
were seen (indicated by black arrows). These cells had multiple projections and a ruffled nucleus.
Both these factors could have led to some, or even a large proportion, of the cells within the constructs and
especially within the Bio-Oss particles, to not be included in the ALP activity analysis.
3.7 SEM on collagen-Bio-Oss scaffolds
Scanning electron microscopy was used to characterise the surface of the scaffolds, Bio-Oss granules and
cell morphology more closely. The structure of the Bio-Oss particles was clearly seen when visualised using
the SEM (fig. 3.11A). Pores on the surface of the Bio-Oss particles were also seen. No cells were seen
in the vicinity of the Bio-Oss particles at this high magnification, although this could have been due to cell
detachment during processing or cutting of the samples.
The Bio-Oss particles appeared for the most part coated with the collagen matrix (fig. 3.11B), although this
coating had in some places become dislodged due to sample processing. The collagen coating provided a
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cell-friendly environment and somewhere where the cells within the scaffolds could attach to - indeed, the
surfaces examined were to a large extent coated with cells.
Cells which appeared morphologically osteoblastic were seen in the scaffolds on day 14 (indicated by arrows
in fig. 3.11C). These cells were spread out on the collagen scaffolds, with abundant cytoplasmic processes
and ruffled nuclei, both of which are osteoblast characteristics. The collagen fibres in these scaffolds appeared
uniform with no major deformation due to degradation, and their distribution throughout the scaffolds was
even, but random.
3.8 Mechanical analysis of collagen-Bio-Oss constructs
Dynamic mechanical analysis of the collagen-Bio-Oss constructs was carried out to determine how in vivo-
like the mechanical properties of the scaffolds were. Even though the collagen-Bio-Oss constructs were
noticeably stiffer when handled than collagen-only constructs, and could be in many ways thought to be
bone-like, not least due to the inclusion of the bone particles, they were unable to withstand high frequencies
when mechanical testing was performed. When tested at frequencies above 1 Hz, the scaffolds quickly failed.
The resulting stress-strain curves are shown in fig. 3.12, where differences in the stiffness between the
different construct types can be seen. The addition of Bio-Oss increased the constructs’ stiffness from approx-
imately 15MPa in the acellular constructs to over 125MPa in the cellularised Bio-Oss scaffolds, irrespective
which type of media the constructs were grown in (osteogenic media vs KSFM; results for this not shown).
The box in fig. 3.12 shows the values used for calculating the elastic modulus of the constructs. This 0.5Hz
frequency was chosen as this reading was taken twice over each DMA test (once at the start and a second time
in the middle of the test). The dynamic amplitude for each test was 0.012mm.
The compression strength of the four different construct types were calculated at a frequency of 0.5Hz,
and the results (mean ± standard deviation) are shown in table 3.1.
Table 3.1: Elastic modulus (E, in MPa) in the bone-like constructs as measured at 0.5Hz at an amplitude of
0.012mm using dynamic mechanical analysis (DMA). Collagen scaffolds with and without Bio-Oss granules
were measured. Cell-dependent changes in scaffold mechanics were measured using cellularised and acellular
samples. A significant difference was found in stiffness between the collagen-only and collagen + Bio-Oss
samples. In the collagen-only samples, there was also a significant cell-mediated effect on stiffness, with the
cellularised constructs exhibiting significantly reduced stiffness. Mean values ± standard deviation, n = 4.
Sample Elastic modulus (E) at 0.5Hz, MPa
Cellularised collagen-only 5.26 ± 1.275
Acellular collagen-only 14.71 ± 1.348
Acellular collagen + Bio-Oss 137.3 ± 10.32
Cellularised collagen + Bio-Oss 155.3 ± 10.78
The addition of cells to the collagen-only cultures significantly reduced the scaffold stiffness compared to
the acellular collagen-only constructs (p  0.05).
The addition of Bio-Oss to the constructs was the factor which contributed the most to increasing the stiffness
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Figure 3.12: Graph showing the stiffness measurements obtained using DMA for the four conditions tested.
The addition of Bio-Oss granules greatly increased the compression strength of the constructs (blue and red
lines). The addition of cells in the collagen-only constructs decreased compression strength compared to the
acellular collagen-only scaffolds. The superimposed box indicates the values (at 0.5Hz) used to calculate the
average stiffness values as detailed in table 3.1. Overall, a 10-fold difference between the constructs with and
without Bio-Oss was seen. A statistically significant difference in stiffness was found when comparing all
groups; p  0.05 (one-way ANOVA). Note the split y axis. Error bars = standard deviation, n = 4.
of the bone-like constructs (p  0.05), with the elastic modulus (E) increasing from approximately 5MPa in
cellularised collagen-only constructs to 150MPa in constructs with added Bio-Oss. Furthermore, it appeared
that there was a slight increase in construct stiffness caused by the cells in the collagen + Bio-Oss constructs
(and the increase in mineralisation as seen using the Von Kossa stain in fig. 3.9), when compared to the
acellular collagen + Bio-Oss constructs. The E values for these were on average 155.3MPa and 137.3MPa
respectively. However, this cell-mediated increase in stiffness was not found statistically significant.
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3.9 Conclusions for this section
The main variables investigated in this initial HOS organotypic bone-like scaffold are summarised in table
3.2.
Table 3.2: An outline of the various parameters considered when developing the bone-like scaffolds and
summarising the main findings of the research which concerned the variables, as well as the conclusion based
on these results and the final composition of the bone-like model in subsequent experiments.
Variable investi-
gated
Range tested Result Outcome
Collagen amount in
scaffolds
10 - 100 % Native bone is 30% collagen. Cell viabil-
ity was found decreased on 10% collagen,








0 - 90 % 0% scaffolds showed slow mineralisation.
Cells in 90% scaffolds died by day 14.
Used 30-40% of
total area.
Number of days in
culture
0 - 35 days 35 days in culture (in OM) allowed for visi-
ble mineralisation and significant ALP pro-
duction in collagen-only scaffolds. Cells
produced more ALP in constructs with
added Bio-Oss; more sustained levels of
ALP as a result. Cells proliferated in con-















Mineralisation of collagen-only scaffolds












Collagen-only scaffolds were approxi-
mately 10 times softer than scaffolds with
Bio-Oss. Scaffolds with Bio-Oss ap-







Based on the results presented in the first part of this chapter, it was decided that Bio-Oss granules pro-
vided the constructs with suitable mineral content and improved the mechanical properties of the constructs,
while being cytocompatible and allowing the cells within the constructs to proliferate.
Subsequently, Bio-Oss granules were used to create the basis of the bone-like co-culture scaffolds. Further-
more, a 14 day initial culture period was decided on, as this allowed for both adequate cell expansion within
the constructs, as well as further mineralisation of the constructs by the HOS cells.
3.10 Primary osteoblast culture further strengthens the model
In order to further strengthen the bone-like model and validate the results obtained with the subsequent co-
culture scaffolds, the HOS cells in this scaffold were substituted with primary osteoblast cells (HOB). A
selection of the above experiments, such as mineralisation and cell survival, were then carried out on this
co-culture model.
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3.10.1 HOB scaffold mineralisation
The collagen-Bio-Oss scaffolds with HOB cells were initially cultured as the HOS scaffolds for 14 days in
mineralising media. Mineralisation of the HOB scaffolds was assessed using ALP and BMP2 gene expression
using qRT-PCR during 14 days of single-cell culture. As is seen in fig. 3.13, there was a significant increase
(p  0.001) of ALP expression in the models on days 10 and 14. The difference in ALP expression between
days 1 and 7 was deemed not significant.
BMP-2 mRNA levels (fig. 3.13) also significantly increased during culture in the HOB scaffolds (p  0.05).
The increase in BMP-2 levels was taken as another indication that the cells within the scaffolds were miner-
alising it and behaving like osteoblasts.
It should be noted that the ALP gene expression levels measured in the HOB scaffolds (fig. 3.13) appear
approximately 10-fold less than those seen in the HOS scaffolds in fig. 3.10.
Figure 3.13: Alkaline phosphatase (ALP) gene expression plotted as fold change in cellularised HOB collagen
+ Bio-Oss constructs. ALP increased over time, with day 10 and day 14 expression statistically significant
(p  0.001) when compared to day 1 and day 7 expression. B) BMP-2 mRNA levels plotted as fold change
in HOB-cellularised collagen + Bio-Oss constructs. Levels of BMP-2 in the constructs were also found to
increase significantly over culture time (p  0.05). One-way ANOVA, asterisks indicate significance levels
as follows: * p  0.05, ** p  0.01, *** p  0.001 and **** p  0.0001. Error bars show the 91% CI, n = 3.
Mineralisation was also qualitatively assessed using Alizarin Red staining, as seen in fig. 3.14. On day
4, the Bio-Oss granules within the structures were stained strongly with Alizarin Red, whereas the collagen
was only faintly stained. By day 7 (fig. 3.14B), the collagen structure was somewhat more stained, but the
Bio-Oss granules still appeared more mineralised. By day 14 however, the entire construct appeared strongly
stained (fig. 3.14C).
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Figure 3.14: Alizarin Red staining of whole HOB constructs was used to indicate an increase in mineral
present within the collagen + Bio-Oss constructs throughout culture time. A) A day 4 HOB cellularised
construct, B) A day 7 construct and C) A HOB cellularised construct on day 14 of culture. Alizarin Red
staining in the constructs appeared to increase over culture time, indicating increasing mineral in the scaffolds.
Scale bar = 5mm.
3.10.2 Cell survival in HOB scaffolds
Cell proliferation in the HOB-only scaffolds was assessed using Cell Titre Glo ATP assays for 28 days. Ap-
proximately 12,000 cells were seeded per gel, which was measured accurately by the ATP assay as seen in
fig. 3.15A. Cells within these scaffolds proliferated steadily throughout culture time. Cell proliferation in
these constructs was slower than in AM-1 single-cell cultures and in the HOS scaffolds.
Figure 3.15: A) HOB cell proliferation in single-cell type collagen + Bio-Oss constructs as measured by
the metabolic Cell Titre Glo ATP assay and normalised to values obtained from a standard curve. Cells
proliferated significantly within the collagen + Bio-Oss constructs throughout the culture time. B) Live/Dead
stained HOB cells on day 7 of culture. Cells appeared elongated and alive. C) Cells on day 14 of culture,
with the majority of cells alive at this time point. Representative images of n = 3. One-way ANOVA (all time
points compared to day 1), asterisks indicate significance levels as follows: * p  0.05 and **** p  0.0001.
Scale bar = 100µm.
Live/Dead staining of the HOB cells in the collagen scaffolds revealed the cells to take on an elongated,
fibroblast-like morphology (fig. 3.15B and C). The cells in the scaffolds formed an almost lattice-like struc-
ture. Both on days 7 and 14, a majority of the cells appeared to be alive within the scaffolds. Cell proliferation
in the HOB cells was, as expected, noticeably slower than for HOS cells within the collagen scaffolds, and
even by day 14, the scaffolds were not confluent.
The HOS and HOB cells within these constructs appeared mostly osteoblast-like in their morphology. HOS
cells within the Bio-Oss-collagen scaffolds appeared small and rounded throughout - this is typical of the HOS
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cell line and is also behaviour seen in 2D cultures. The cells were tightly clustered together in the scaffolds,
with little migration evident. HOB cells on the other hand appeared initially elongated (preosteoblastic) and
then mostly became stellate or more rounded with projections, indicating maturation into a potentially min-
eralising osteoblastic phenotype. This correlated with the mineralisation data obtained, where mineralisation
of the scaffolds was indicated by a peak in ALP activity levels increased between days 7 and 10 of culture.
Overall, these results indicated a suitable, bone-like environment for these cells.
3.11 Main findings and discussion
The development of the bone-like part of the co-culture scaffold involved several steps. The aims of this
chapter were to first compare different methods for making bone-like scaffolds in vitro, and to ascertain that
the developed bone-like scaffolds were able to support cell growth and mineralisation of the collagen matrix,
to enable synthesis of reproducible, biomimetic scaffolds. Furthermore, cell behaviour in the scaffolds and
the ease of scaffold manipulation were considered, as well as the consistent and reproducible manufacture of
the bone-like constructs. In the initial collagen-only scaffolds, the following results were obtained:
• HOS cells within compressed collagen constructs in osteogenic media went on mineralise the construct
in five weeks of in vitro culture. However, this culture time was deemed too long, as this was only the
first step towards co-culture with ameloblastoma tumour cells.
• HOS cells remained mostly alive for 28 days within the constructs.
Different options for adding mineral more quickly to make the constructs more bone-like prior to AM-1
cell addition were therefore explored, and different bone particles to collagen ratios were considered: the 90%
Bio-Oss blocks tested resulted in increased cell death and degradation of the block structure. Furthermore, the
large size of the blocks potentially caused difficulties with nutrient diffusion through the constructs, oxygen
gradients, hypoxia and waste products within the block constructs.
An approximate Bio-Oss content of 30-40% of the scaffold area was optimal for continued scaffold miner-
alisation, cell proliferation as well as scaffold visualisation and nutrient flow. In the bone-like Bio-Oss and
collagen scaffolds developed in this chapter, the following results were observed:
• Bio-Oss bone particles were found a suitable addition due to their mineral content, cytocompatibilty
and ease of incorporation to the compressed collagen constructs.
• The collagen and Bio-Oss models enabled the use of microscopes and a variety of different assays for
analysis - this was convenient and did not significantly limit the analysis methods used in this project.
• The model was further optimised by substituting the HOS cells in the original bone model with primary
human osteoblasts (HOB).
• HOB cells were shown to remain alive throughout culture time and were also found to mineralise the
constructs.
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• These results indicated that the collagen-Bio-Oss scaffolds were also able to support HOB cells and
that these provided a suitable mineralised, bone-like growth environment for further co-culture with
ameloblastoma tumour cells.
Previous studies have shown mineralising media to be an effective and relatively fast route to minerali-
sation of cellularised collagen-only scaffolds (Holy et al., 2000; Rattner et al., 2000; Pedraza et al., 2010).
However, in this study, the addition of mineralising media to the collagen scaffolds resulted in a slow mineral-
isation rate. As expected, the addition of Bio-Oss to the collagen scaffolds quickly added mineral to these, and
the resulting bone-like scaffold was found to promote the proliferation of osteoblastic cells. Mineralisation
of the collagen-only scaffolds and Bio-Oss scaffolds was seen when these were examined using Von Kossa
staining and Alizarin Red staining, where the scaffolds appeared increasingly mineralised during culture.
Furthermore, the cells within the scaffolds went on to further mineralise it, which was quantified by mea-
suring ALP activity levels in the models as well as ALP and BMP-2 gene expression. An increase in ALP
levels was seen in both the HOS- and HOB-cellularised scaffolds, and BMP-2 levels in the HOB-cellularised
scaffolds also increased, indicating mineralisation of the scaffolds in culture.
BMP-2 has been shown to induce ALP activity and promote an osteoblast phenotype and maturation (Kata-
giri et al., 1994). Therefore, the results seen with HOB cultures with increases in both ALP and BMP-2 gene
expression were to be expected and were indicative of bone synthesis within these scaffolds.
Levels of ALP activity seen in the Bio-Oss scaffolds in this study also closely followed those previously re-
ported, where levels have been shown to initially increase and to then decrease; e.g. ALP activity has been
found to increase in osteoblast-collagen cultures until day 16, and then decrease (Coyac et al., 2013). ALP
is also not repeatedly required for continued mineralisation of the scaffolds (Rattner et al., 2000), which ex-
plains the decrease in ALP activity seen in the Bio-Oss scaffolds over time.
Retention of the smaller Bio-Oss particles within the collagen scaffolds was found difficult during this
project. Some Bio-Oss particles (with cells migrated inside them) became dislodged and removed from the
collagen constructs during handling, which may have contributed to decreases in some assay results on the
later dates of analysis, e.g. ALP levels, cell proliferation and gene expression.
Further scaffold development could include ensuring the Bio-Oss particles were of a more uniform size distri-
bution than in the models used here. In these models, the particle size was up to 200µm, ideally the particles
would have been less than 100µm throughout the constructs. A more uniform size distribution could have
been achieved by grinding the particles prior to incorporation; however this could have compromised the
sterility of the Bio-Oss granules.
Additionally, from a practical point of view, the blocks were opaque, which lead to difficulties with cell visu-
alisation once inside the blocks, as well as difficulties in attempting to extract cells from the blocks for further
analysis.
Matrix stiffness is widely recognised as an important factor in cell proliferation, differentiation and behaviour
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(Ghosh and Ingber, 2007; Hadjipanayi et al., 2008, 2009; Karamichos et al., 2007). Therefore, dynamic me-
chanical analysis was used to determine the elastic modulus of the bone-like scaffolds. This study was the
first to carry out a mechanical study on Bio-Oss particles cultured in vitro. To date, only one study has exam-
ined the mechanical properties of Bio-Oss in rabbits (Orr et al., 2001), even though the decellularised bone
substrate is used clinically for both human and canine bone defect augmentation (Carmagnola et al., 2000;
Degidi et al., 2013; Piattelli et al., 1999).
A selection of bone tissue-engineered material stiffnesses used was outlined in table 1.6. The elastic modulus
of the Bio-Oss + collagen scaffolds as measured during this study was found to be 155.3 ± 10.78MPa. This
is stiffer than most other collagen-based scaffolds used for tissue engineering purposes, but still less stiff than
other materials used for bone augmentation.
The properties outlined in table 3.2 were used to guide scaffold optimisation. The bone-like scaffolds
were considered biomimetic due to the addition of ex vivo mineral to the scaffolds in the form of Bio-Oss,
which contributed both mineral and increased the matrix density and scaffold stiffness as seen in fig. 3.12.
Furthermore, the both the HOS and HOB cells in the scaffolds were seen to synthesise factors specific to
osteoblasts, namely ALP, BMP-2 and to increase the mineral content of the scaffolds.
The 30-40% Bio-Oss particle to 60-70% collagen scaffolds additionally allowed for visualisation of the cells
within the scaffolds, and they appeared alive and producing mineral throughout the culture time. Furthermore,
the fact that the majority of the scaffold was collagen also allowed the models to be viewed in their 3D
environments under various microscopes, stained in situ, and cells to be extracted for further analysis from
them relatively easily. This bone-like scaffold was then used for development of a bone-like co-culture model
together with ameloblastoma cells.
The final 14 day pre-culture (mineralisation) period was chosen based on the results presented here, where
the optimum mineralisation and cellular proliferation within the scaffold was achieved between days 10 and
14 of culture. AM-1 cells were then added to the bone-like scaffolds developed in this chapter in order to
develop ameloblastoma co-culture models, as described in chapter 4.
Chapter 4
Bone-like model and ameloblastoma
co-culture
This chapter first details the results obtained when culturing AM-1 cells both on tissue culture plastic and
in AM-1-only collagen gels. Then, the details of the basics of the co-culture models attempted during this
project are described. Ultimately, the final co-culture model used in this project to make a novel organotypic
bone-like model for the ameloblastoma tumour is described. This co-culture model developed initially for the
bone-like scaffolds was then used as a basis for the soft tissue co-cultures described in chapter 5.
The aims of this chapter were firstly to maintain AM-1 cells alive within a collagen matrix and to charac-
terise AM-1 cells in a three-dimensional model. Secondly, the aim was to develop a co-culture scaffold with
the bone-like constructs and to sustain both cell types in a co-culture scaffold. Thirdly, using these co-culture
scaffolds, the aim was to characterise cellular events, changes in gene expression and invasion caused by the
co-culture of AM-1 cells with bone cells.
In this chapter, results obtained from these bone-like and AM-1 co-culture models are presented. HOS
+ AM-1 co-cultures were used initially, as these allowed for rapid construction of reproducible bone-like
models to be co-cultured with the ameloblastoma cells. Throughout HOS + AM-1 co-culture however, it was
recognised that any results obtained with this co-culture model was potentially due to the cancerous nature of
the HOS cells. The results obtained with HOS + AM-1 co-culture scaffolds were therefore further validated
by substituting the HOS cells in the models with HOB cells (HOB + AM-1). These experiments were carried
out after the HOS experiments, but the results are presented here concurrently with the HOS results for ease
of comparison of the two models.
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4.1 Summary of methods
Cells from the AM-1 cell line were initially cultured in plastic compressed type I rat-tail collagen-only con-
structs for up to 28 days in order to ensure cell survival and to probe the behaviour of these cells in a 3D
culture system.
For co-culture assembly, 5mm x 5mm bone-like HOS and HOB scaffolds, made with collagen and Bio-Oss
particles, were pre-cultured for 14 days in osteogenic media for mineralisation and cell expansion. Miner-
alised bone-like scaffolds were then co-cultured with freshly made AM-1 cellularised scaffolds for up to 14
days in KSFM to construct the organotypic in vitro co-culture models. A single co-culture scaffold was 10mm
x 5mm in size, and they were on average 400µm in thickness.
Cell metabolic levels, to give an indication of proliferation within the constructs, were analysed using the Cell
Titre Glo ATP 3D reagent. Gene expression analysis in the co-cultures was carried out on Qiagen RNasy-
extracted RNA (HOS + AM-1 co-cultures) and Trizol-extracted RNA (HOB + AM-1 co-cultures) and Taqman
primers and polymerase.
Confocal microscopy was used for immunocytochemistry and Live/Dead assays in AM-1-only cultures as
well as HOS + AM-1 and HOB + AM-1 co-cultures. Cell invasion in the HOB + AM-1 models was charac-
terised using Cell Tracker fluorescent dyes and fluorescence microscopy for up to 14 days.
4.2 AM-1 cell culture in 2D and 3D
AM-1 was found to be a slow growing cell line on tissue culture plastic. The cells grew in islands (fig.
4.1A-B), which increased in size with increasing culture time. The cells were small in size with a varied mor-
phology, mostly characterised by a cobblestone-like appearance and clustering behaviour. This characteristic
morphology was especially prominent when the cells were approaching confluency.
Figure 4.1: Light micrographs of AM-1 cells in culture. A) AM-1 cells cultured for 3 days on tissue culture
plastic. Cell proliferation was slow initially due to the sparse seeding density. Single AM-1 cells (as the one
in the middle of the image) appeared spread out over larger areas. AM-1 cells mostly appeared cobblestone-
like, but cell morphology was not uniform. B) AM-1 cells cultured for 10 days on tissue culture plastic. Here,
the characteristic clustering of AM-1 cells was seen as the cells grew more confluent. The middle of these
clusters frequently had a larger density of cells, leading to crowded cluster centres and cells not growing in a
monolayer. C) Histological staining of an AM-1 cellularised collagen gel. Cells (purple) within the collagen
constructs (pink) also appeared clustered when stained using H&E staining on 14-day 3D collagen culture.
Clustering behaviour is typical for ameloblastoma cells. Scale bar in A = 20µm, B and C = 50µm.
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Clustering of AM-1 cells was also seen in 3D collagen cultures and was confirmed using histology as seen
in fig. 4.1C. The clustering behaviour of the cells seen in the histological specimen is typical ameloblastoma
tumour behaviour, indicating that the collagen matrix was a suitable growth environment for these cells. The
compression technique rendered the collagen matrix striated, whereas the processing techniques used for
histology caused folding of the collagen scaffolds and the apparent gaps in the scaffolds as seen in fig. 4.1C.
The cells in the clusters appeared mostly to be daughter cells of one original cell at that location, rather
than caused by migration within the structures, although larger clusters were found to merge in longer term
cultures. Immediately after seeding in collagen gels, when viewed under a fluorescent microscope, the AM-1
cells appeared as a monodispersion as can be seen in fig. 4.2B. This clustering effect was therefore not due to
insufficient mixing after cell resuspension during passaging or at the seeding stage.
4.2.1 AM-1 cell viability in collagen scaffolds
Cell proliferation in AM-1-only 3D collagen constructs was assessed using the Cell Titre Glo ATP assay.
Figure 4.2A shows the increase in cell proliferation in these constructs over 28 days in culture. Each con-
struct, when cut immediately after compression, initially contained approximately 3,000 cells. AM-1 cells
proliferated quickly and steadily in 3D collagen gels as seen in fig. 4.2A. By day 14 of culture, there were
approximately ten times more cells in the scaffolds than when first seeded. By day 28, each cut construct
contained approximately 100,000 cells, with the constructs appearing confluent.
Figure 4.2: A) AM-1 cells proliferated when added to the collagen constructs. On day one, approximately
3,000 cells were present in each of the collagen constructs. Cell proliferation continued steadily within
the constructs throughout the 28 day culture period. Luminescence readings were normalised to an AM-1
standard curve to obtain the corresponding cell numbers. Error bars = 95% CI. B) Live/Dead stained AM-1
cells (stained green) within the collagen constructs appeared monodispersed when first incorporated into the
scaffold. No dead cells (stained red) were visible at this early time point (2h post seeding). The cells in the
scaffolds also appeared rounded, as they did not yet have time to attach to the scaffolds after trypsinisation
and seeding. This image is a 10X magnification. C) Live/Dead stained AM-1 collagen cultures on day 7 of
culture. Cells appeared clustered in these constructs and remained alive. D) AM-1 cell clusters had increased
in size by day 28, and the cells were still mostly alive after this long culture time. Some dead or dying cells
were seen in the middle of these large clusters. Scale bars = 25µm.
AM-1 cell survival in the single-cell constructs was also assessed qualitatively using Live/Dead staining
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(fig. 4.2B-D). Here, live AM-1 cells (green) and dead AM-1 cells (red) are seen at two hours after incorpora-
tion into the collagen gels (fig. 4.2B), and on days 7 (fig. 4.2C) and 28 (fig. 4.2D) of culture. The size of these
clusters increased with increasing culture time. Initially, the clusters were less tightly packed (fig. 4.2C), with
a rounded cell morphology. At the last time point (fig. 4.2D), the clusters were tightly packed, with the cells
appearing slightly smaller and flattened as they became more crowded within the clusters. By the later time
points, some AM-1 cells in the middle of the large clusters appeared dead (stained red), indicating that within
the cluster core there was probably at least some level of hypoxia or a limited flow of nutrients, which caused
the cells to die, although this would need to be confirmed with further assays. Hypoxia staining assays, such
as the fluorescent Image-iT assay (Thermo Fisher), are available commerically and could be used here.
From one week in culture onwards, these clusters of AM-1 cells were prominent in the collagen models,
and could be used to (by eye) distinguish the AM-1 cell type from the other cells in the models when ex-
amining the co-cultures microscopically. The AM-1 cells within these cultures were rounded and most often
found in the aftermentioned clusters. HOS and HOB cells on the other hand were elongated, with HOB cells
even displaying the occasional stellate morphology. AM-1 cells were also smaller in size (approx 10µm),
and HOS and HOB cells were larger, although their size varied depending on the amount of individual cell
elongation. Furthermore, HOS and HOB cells were found in the collagen + Bio-Oss parts of the co-cultures,
where Bio-Oss granules were prominent, whereas in the AM-1 part of the constructs, no Bio-Oss granules
were present.
4.3 Initial attempts at incorporating AM-1 cells in co-culture models
Once AM-1 cells were successfully maintained within the collagen constructs, several ways to incorporate
AM-1 cells in the models were considered and are briefly discussed below. The main consideration for
incorporation of AM-1 cells in co-cultures with the bone-like constructs was that the bone-like model was
already mineralised once the co-culture phase of the experiments began. Based on the results detailed in
chapter 4, it was decided day 14 of bone model culture was optimal for AM-1 addition.
4.3.1 Synthesis of AM-1 spheres for tumour models
Initially, it was thought the inclusion of AM-1 cells as pre-made spheres would be a suitable way of incorpo-
rating AM-1 cells to create co-culture models. Two methods commonly employed for sphericalisation of cell
cultures were used to make AM-1 spheres:
First, a rotational culture was attempted. In this type of culture, due to the constant agitation of the culture
media, the cells are inhibited from attaching to the flask and therefore attach to other cells in the culture.
However, during attempted rotational culture, the AM-1 cells died and formed sheets of cell debris, rather
than forming spheres with living, aggregated cells (results not shown).
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Second, an ultra low-attachment (ULA) plate method was used. Similarly to the rotational culture method,
the coating on the ULA plate prevents cell attachment. As an alternative, the cells attach to each other and
thus form spherical aggregates during culture. HOS cells were used as a control and as a reference for the
required culture time, as cancerous cell lines readily form spheres.
Figure 4.3 shows that HOS cells (indicated by arrows) were seen to start aggregating after a few hours in
culture on the ULA plates (fig. 4.3A), and had formed very large aggregates by the end of culture (fig. 4.3B).
AM-1 cells (indicated by arrows) were imaged as single cells after 4 hours in culture (fig. 4.3C). Even after
72 hours of culture, when HOS cell spheres were readily seen, AM-1 cells had not formed aggregates (fig.
4.3D). A large proportion of the AM-1 cells appeared dead after 72 hours of ULA culture when viewed under
a light microscope.
Figure 4.3: Light micrographs of attempted AM-1 sphere cultures on ultra-low attachment plates. HOS cells
were used as a control. A) HOS cell culture after 4 hours on low-attachment plates. These cells were already
beginning to cluster (arrows). B) HOS cells after 3 days in culture, where large spheres were seen (arrows).
C) AM-1 cells at 4 hours in culture, with single AM-1 cells are indicated by arrows. D) AM-1 cells after 3
days in culture. Two or three-cell clusters were seen at most (arrows), but AM-1 cells were largely found in a
monodispersion. Some AM-1 cells also appeared dead or dying by this point. Representative images of n =
3. All light micrographs are a 10X magnification of ULA plates using a light microscope.
These results indicated that AM-1 cells were contact dependent and that it would therefore be difficult to
include these cells in the collagen constructs as pre-made tumour spheres. Consequently, a monodispersion of
AM-1 cells was a more optimal way of incorporating these cells in the models for the subsequent experiments.
4.3.2 Further AM-1 incorporation attempts
During co-culture model development using collagen constructs with monodispersions of AM-1 cells, a range
of scaffold assembly options were explored in order to obtain a co-culture model which was both easy and
reproducible to assemble. Initially, a model where a punch biopsy of the bone-like matrix was removed from
the centre of the construct (fig. 4.4) was considered. The removed section allowed incorporation of an un-
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compressed, AM-1 cellularised collagen scaffold, which was then compressed for scaffold attachment. This
allowed for assembly of a tumour construct with the organotypic tissue model on all sides, thereby better
mimicking the in vivo situation of a tumour surrounded by ECM. Once the sections were removed, an AM-1
cellularised collagen gel was placed in the resulting perforation and the constructs were compressed to attach
the two gels together.
Figure 4.4: Holes were made in the centre of collagen gels using Harris Unicore biopsy punchers in an attempt
to assemble the co-cultures. AM-1 cellularised collagen gels were then included in the resulting holes and the
constructs were compressed for co-culture assembly. Note that the samples shown in this image were not the
final bone-like gels with Bio-Oss, but an acellular pilot set. Scale bar = 10mm.
In most of the co-culture constructs assembled using the biopsy punch technique, the AM-1 construct
dissociated from the gel upon initial immersion in the culture media. The remaining constructs, which were
successfully immersed in media and incubated, dissociated in culture overnight. This indicated that the two
separate gels, despite the inherent stickiness of collagen and the tendency of the single-cell type models to
fold and attach to themselves, would be difficult to maintain attached without some other attachment method.
Therefore, this technique proved inefficient in manufacturing co-cultures for this project.
Attempts at injecting a concentrated suspension of AM-1 cells into the pre-cellularised and mineralised
HOS constructs on day 14 were also made. This would have allowed omission of the non-mineralised collagen
in which AM-1 cells were incorporated during AM-1-only culture, and thus provided a more organotypic AM-
1 growth environment and model. However, with this method it was difficult to gauge when the needle was
inside but not through the compressed collagen gel (of approximately 400µm in thickness), so that the AM-1
cells were added inside the construct.
Furthermore, it was difficult to know how many cells had been incorporated and whether they all remained
inside the constructs, as the cell suspension was prone to leaking out of the constructs upon application of
pressure to the syringe. Finally, it proved difficult to reliably replicate syringe positioning and thereby AM-1
cell location between constructs.
4.4 Final bone-like co-culture set-up
The final set-up for the bone-like co-cultures was as seen in fig. 4.5. By using this set-up, three distinct
cell environments were created: a population of cells which was only made up of bone cells (initially HOS-
CHAPTER 4. BONE-LIKE MODEL AND AMELOBLASTOMA CO-CULTURE 123
cellularised constructs, and to validate the results also HOB-cellularised constructs), and one which was only
made up of AM-1 cells (AM-1 model). The third part consisted of a cell population in the middle (interface;
IF) where the two cell types were interacting in a mixed population through both the physical proximity of the
two gels, as well as any potential invasion occurring at the interface and any chemokines and growth factors
exchanged by the two cell types. However, this method of constructing the co-culture models necessitated
the addition of an approximately 50/mum acellular layer to combine the two cellularised gels, as initial and
lasting attachment without it was difficult.
Figure 4.5: Schematic of the final bone-like co-culture model set up. The schematic also shows the three parts
of the co-cultures, the AM-1 part, the bone-like part and the interface between the two construct types. The
final co-cultures were split into these three parts in most analyses as indicated in this schematic. Note that
this schematic does not include the acellular gel layer.
This method further enabled separation of the two cell types after culture prior to analysis, as well as
viewing of the two cell types concurrently using microscopy techniques. Separation of the constructs was
carried out by cutting the co-cultures into three parts using a scalpel prior to analysis. Additionally, in theory
these co-culture constructs provided an internal, single cell type population, as controls at the non-interface
edges of the constructs.
4.5 Cell proliferation in bone-like co-culture models
Cell proliferation in both types of bone-like co-cultures was measured over time using Cell Titre Glo. The
results are shown here together with confocal micrographs of Live/Dead stained HOS, HOB and AM-1 cells
in the co-culture models.
HOS + AM-1 models
Cell numbers for both cell types in the HOS + AM-1 co-cultures were found to increase with culture time as
seen in fig. 4.6. AM-1 proliferation in the co-cultures was initially slow, but increased in the second week
of co-culture. This was also reflected in the Live/Dead stained samples, where AM-1 cells as seen in fig. 4.6
remained alive in the co-cultures. The AM-1 cells clustered, and cluster size was seen to increase with culture
time (fig. 4.6). Clustering was to be expected, as AM-1 is of follicular origin.
HOS cell proliferation was more gradual, which was due to the constructs having been cultured for 14
days prior to incorporation in co-cultures (fig. 4.6). HOS cells outnumbered the AM-1 cells, with approxi-
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Figure 4.6: Cell proliferation for AM-1 cells and HOS cells in the co-cultures is shown in the two histograms.
AM-1 cells proliferated at a relatively fast rate throughout the culture time. HOS cell proliferation was slower
overall. Confocal micrographs of Live/Dead stained co-culture constructs showed that AM-1 cells remained
alive (in green) within the scaffolds. The characteristic AM-1 clusters appeared to grow in size with increasing
cell numbers through proliferation. HOS cells appeared mostly alive when Live/Dead stained, but increasing
numbers of dead cells were seen. The HOS part of the constructs appeared confluent by day 14 of co-culture.
Histograms: error bars = 95% CI, n = 3. Confocal micrographs: scale bars = 50µm, n = 3.
mately 350,000 cells measured within the constructs on day 14 of co-culture.
HOS cells, when Live/Dead stained, appeared mostly alive in these scaffolds as visualised in fig. 4.6. How-
ever, the HOS parts of the constructs were very confluent, and this had caused the cells to become smaller and
more rounded as a result of a lack of space within the constructs. Due to the confluent constructs, as well as
the long-term culture these cells were subjected to, there was also an increasing amount of cell death seen in
the HOS parts of the co-cultures.
HOB + AM-1 models
HOB cells appeared larger and stellate with osteoblast-like cell morphology at both days 7 and 14 in co-culture
(fig. 4.7). The HOB cellularised scaffolds, as seen previously in the single-cell constructs, were approaching
confluency. Therefore, the number of HOB cells plateaued at the later time points measured as seen in fig.
4.7. HOB cells continued proliferating, and remained mostly stellate in their morphology but with some more
elongated cells.
AM-1 cells were seen to proliferate in co-culture with HOB cells. AM-1 cells also appeared alive when
Live/Dead stained on days 7 and 14 of co-culture. The cells, as seen in fig. 4.7, formed large clusters, char-
acteristic of the cell type.
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Figure 4.7: Cell proliferation for AM-1 cells and HOB cells in co-cultures is shown in the two histograms.
AM-1 cells in co-culture appeared alive (in green) when stained using Live/Dead staining on days 7 and 14 of
co-culture. AM-1 cells were characteristically rounded and clustered on both time points, with an increasing
number of clusters seen with increasing culture time. HOB cells also remained alive within the co-culture
scaffolds when Live/Dead stained on days 7 and 14. Striations in the HOB cells on day 7 were due to the
sample moving when imaged in the Z-plane. Histograms: error bars = 95% CI, n = 3. Confocal micrographs:
scale bar = 50µm, n = 3.
Interestingly, AM-1 cell proliferation appeared faster in the HOS co-cultures than in the HOB ones, with
AM-1 cell numbers at the end of culture time in the HOS co-cultures approaching 80,000 cells per construct,
whereas only 10,000 cells per construct were measured in the HOB co-cultures. In co-culture with HOB cells,
AM-1 proliferation was slow throughout culture time (fig. 4.7). The AM-1 cell clusters also appeared smaller
in co-culture with HOB cells than with HOS cells.
Cell-to-cell interactions were observed in both co-culture scaffolds. However, no migration was seen in
the HOS + AM-1 scaffolds, even though the cells appeared in close contact with each other at the interface
on day 14 of co-culture.
Contrastingly, in the HOB scaffolds, close co-localisation and potential cell-to-cell interactions at the co-
culture interface were observed early on in co-culture (on day 7), as is seen in fig. 4.8A. In this figure, HOB
cells are elongated in their morphology, whereas AM-1 cells are smaller, rounded and in clusters. Close
cell-to-cell interactions were further observed in samples on days 10 and 14 (fig. 4.8B-C). In the image from
day 14 in fig. 4.8C, the AM-1 cells had migrated to the HOB side of the scaffolds. Furthermore, potential
AM-1 migration was seen relatively far inside the HOB scaffold - approximately 2mm towards the central
parts of the HOB scaffold. That migration occurred in the HOB + AM-1 co-cultures but not in the HOS +
AM-1 co-cultures was thought to be due to the non-cancerous nature of the HOB cells, as well as the locally
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invasive capacity of the AM-1 cells.
Figure 4.8: Cell-to-cell interactions in the HOB + AM-1 co-cultures. Live/Dead stained samples as seen using
the confocal microscope. A) A day 7 co-culture sample, B) A co-culture sample on day 10 and C) A sample
on day 14 of co-culture. At all time points, AM-1 cells appeared in clusters, with HOB cells more elongated.
The two cell types were seen to interact in close proximity by day 7. The AM-1 cells took up more stain
than the HOB cells, which resulted in stongly stained AM-1 cells and faintly stained HOB cells. Scale bar =
50µm.
It was also observed that HOB cells close to ‘invading’ AM-1 cells were more elongated (fig. 4.8) than
cells towards the middle of the HOB constructs, which were not in contact with AM-1 cells (fig. 4.7). The
most osteoblast-like cells seen in the co-culture scaffolds were found close to Bio-Oss granules in the scaffolds
and not in the vicinity of AM-1 cells.
However, despite their distinct morphologies, the cells in fig. 4.8 were only stained with Live/Dead staining.
Therefore, it was at this stage not possible to definitively determine that the cells with different morphologies
were in fact cells from the distinct populations.
4.6 Gene expression in the bone-like co-cultures
Gene expression in the HOS co-culture models was examined using qRT-PCR on RNeasy-extracted RNA
from three parts of the co-culture models: the HOS part, the interface (IF) and the AM-1 part. Gene expression
in the HOB +AM-1 co-cultures was similarly analysed for the same construct areas, but using Trizol-extracted
RNA. As RNA from these two different co-culture types was extracted using two different methods, caution
should be taken when comparing these two sets of results.
For each gene analysed, the results for HOS + AM-1 co-cultures are presented first, followed by HOB +
AM-1 results. For TRAIL gene expression, the results for both models are shown in one graph. Significant
findings are indicated by asterisks. The asterisks are positioned on the bar which has a p value of 0.05 when
compared to the corresponding single-cell type control.
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Figure 4.9: OPG expression in HOS + AM-1 co-cultures. OPG expression in the HOS controls remained
low throughout culture and reduced in AM-1 controls. In HOS cells in co-culture, OPG expression was
upregulated on days 1-10, but reduced on day 14. OPG gene expression in AM-1 cells in co-culture was
found steadily upregulated throughout culture time. Two-way ANOVA, **** indicates p  0.0001. Error
bars = 95% CI, n = 6.
4.6.1 Osteoprotegerin gene expression
HOS co-cultures
Osteoprotegerin (OPG) is upregulated in bone synthesis in vivo and as it plays a role in bone turnover it was
chosen as one of the genes examined during this study. Gene expression analysis in HOS co-cultures revealed
a decrease in OPG in the models. Initially, expression in all parts of the models was slightly higher than the
day 0 calibrator samples. OPG expression in the single-cell type bone model was lower throughout the culture
time. However, OPG expression in the bone and interface parts of the co-cultures decreased significantly over
the 14 day co-culture period.
As visualised in fig. 4.9, OPG expression levels in the HOS controls were significantly different when
compared to the HOS co-cultures on days 1, 6 and 10 (all p  0.001). OPG expression was also found
significantly different in the AM-1 co-culture samples when compared to the AM-1 controls (all p 0.0001).
While OPG expression in the HOS controls had remained decreased throughout culture, and OPG expression
in the HOS parts of the co-culture models had reduced over time, there was no reduction in OPG expression
seen in the AM-1 parts of the co-culture constructs. The AM-1 part of the co-culture models was the only part
of these models where OPG expression did not reduce over time, and it was maintained at an approximately
2-fold level compared to the calibrators throughout culture time.
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Figure 4.10: OPG expression in HOB + AM-1 co-cultures. OPG levels in the HOB and AM-1 control
samples were found uniform and constant throughout culture time. HOB cells in co-culture initially displayed
greatly upregulated HOB gene expression, which reduced over time. OPG expression in AM-1 cells in co-
culture remained unchanged throughout culture time and was not found significantly different to OPG levels
measured in the control AM-1 cells. Note the split y axis. Two-way ANOVA, **** indicates p  0.0001.
Error bars = 95% CI, n = 4.
HOB co-cultures
No significant difference was found in OPG expression levels in AM-1 cells grown in single-cell culture and
in co-culture with HOB cells over time, with mRNA levels in both consistently appearing close to calibrator
values.
HOB cells on the other hand exhibited a large increase in OPG expression when in co-culture with AM-1 cells.
As can be seen in fig. 4.10, this increase was initially approximately 200-fold on day 1, prior to reducing to
50-fold on day 8 of co-culture. The levels of OPG mRNA when in co-culture with AM-1 cells compared to
single-cell culture on their own was found statistically significant on days 1, 5 and 8 (p  0.0001).
By day 14, OPG levels in the HOB parts co-culture constructs had reduced to a level similar to that in the
control samples.
As can be seen when comparing fig. 4.9 and fig. 4.10, the HOB co-cultures showed a larger overall
increase in OPG expression compared to the HOS co-cultures. Levels measured in the HOB co-cultures
were increased 200-fold, whereas at most the increase seen in the HOS co-cultures was 2-fold. This may be
due to the cancerous nature of the HOS cells, which in their native osteosarcoma environment increase bone
resorption and therefore may downregulate OPG expression even in these co-cultures. The OPG levels seen
in the HOS co-cultures were somewhat influenced by the presence of AM-1 cells, but this effect only lasted
for the first ten days in culture.
CHAPTER 4. BONE-LIKE MODEL AND AMELOBLASTOMA CO-CULTURE 129
Figure 4.11: RANKL gene expression levels were quantified using qRT-PCR. RANKL expression in both
the HOS and AM-1 controls remained low throughout culture time. There was a large increase in RANKL
expression in HOS samples when cultured with AM-1 cells, which peaked on day 8 of co-culture. An increase
was also seen in the AM-1 cells in co-culture, however this occurred later, on day 14 of co-culture. Note the
split y axis. Two-way ANOVA, **** indicates p  0.0001. Error bars = 95% CI, n = 6.
The upregulation of OPG in the HOB parts of the HOB + AM-1 co-cultures appeared to be a rapid response
to the co-culture environment and the presence of AM-1 cells. However, gradually OPG levels reduced in
these co-cultures. This could again be due to the HOB cells themselves downregulating OPG expression over
culture time, or as a result of the co-culture environment.
4.6.2 RANKL gene expression
RANKL is an indicator for the potential activation of osteoclasts and bone resorption and was as such an-
other gene examined using qRT-PCR. Based on previous increases in expression seen in ameloblastoma sam-
ples by Qian and Huang (2010), RANKL expression was analysed in these models for potential increased
ameloblastoma cell invasion and putative bone resorption. The results for RANKL expression in HOS +
AM-1 co-cultures are seen in fig. 4.11, and for HOB + AM-1 co-cultures in fig. 4.12.
HOS co-cultures
For HOS + AM-1 co-cultures, gene expression analysis revealed a 700-fold increase in RANKL expression
in the HOS part of the bone-like co-culture model on day 8 of HOS + AM-1 co-culture as seen in fig. 4.11.
There was also a 200-fold increase in RANKL expression in the AM-1 part on the day 14 time point when
AM-1 cells were in co-culture. No such increases were seen in the other parts of the models or the single-cell
type controls. In the single cell type control cultures, RANKL expression levels were up to 2-fold different in
the AM-1 controls than the calibrator samples, and at most 7-fold increased in the HOS controls.
A statistically significant increase in RANKL levels was found in AM-1 cells in co-culture with HOS
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cells when compared to the AM-1 control samples on day 14 of co-culture (p  0.0001). RANKL expression
in the HOS part of the co-cultures increased over time and was significantly upregulated compared to HOS
controls on days 4, 6 and 8 in co-culture (all p  0.0001). On day 11, RANKL levels in the HOS co-cultures
had reduced to day 4 levels, but were still significantly upregulated compared to the control samples (p 
0.0001).
The increase in most parts of the co-culture models was in the region of 1-2-fold that of the single-cell type
untreated controls. A gradual increase in RANKL expression was seen in the interface part, which reflected
the increase seen in the other co-culture parts. This gradual increase in the IF part indicated that expression
was upregulated in the HOS co-culture samples due to the presence of AM-1 cells, which then caused the
expression levels to increase in the IF part, as well as the AM-1 part.
These results indicated that both AM-1 and HOS cells were trying to upregulate bone resorption in these in
vitro models by secreting osteoclast activating factors, although the upregulation of RANKL in the AM-1
parts was more gradual and may have carried on past the 14 days of co-culture examined here. In HOS, this
increase was only seen during the first week; expression decreased by day 11.
However, this increase could either be due to the presence of HOS cells or AM-1 cells in the co-culture
models. HOB + AM-1 co-cultures were therefore used to further probe RANKL expression and to confirm
what this increase in expression was due to.
HOB co-cultures
In HOB + AM-1 co-cultures, RANKL was found elevated at most time points, with the greatest increase in
expression on days 5 and 8 as visualised in fig. 4.12.
When the HOB control samples were compared with the HOB co-culture samples and AM-1 control sam-
ples were compared with AM-1 in co-culture, RANKL gene expression was found significantly increased at
days 1, 5 and 8 (p  0.0001 for all). RANKL expression in the HOB co-culture samples was reduced on
day 14 compared to the HOB-only control samples (p  0.0001), whereas AM-1 sample RANKL expression
remained upregulated (p  0.0001), but decreased compared to the earlier time points.
A gradual increase in RANKL expression was seen in the HOB control samples over culture time, with the
final measurement showing a 3-fold upregulation in these samples.
RANKL expression in the AM-1 controls remained at low levels throughout the culture time with expression
around 0.01-0.1-fold increased over the calibrator day 0 samples, and with only a marginal increase over time
by day 14.
Expression in the co-cultures increased early on in culture, especially in the HOB parts of the constructs. The
highest RANKL expression levels as seen in fig. 4.12 were found in the HOB part of the constructs on day 5
(9-fold), after which it decreased, and in the interface on day 8 with an approximate 11-fold increase.
In the AM-1 parts of the constructs, RANKL mRNA levels also increased between days 1 and 5, peaking on
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Figure 4.12: RANKL mRNA levels were quantified using qRT-PCR. RANKL expression in the HOB and
AM-1 control samples increased slightly over culture time. An increase in RANKL levels was seen in the
HOB samples in co-culture. A simultaneous increase was also seen in the AM-1 part of the samples. The
largest (approximately 10-fold) increase was seen in the interface, where the two cell types were interacting.
Two-way ANOVA, **** indicates p  0.0001. Error bars = 95% CI, n = 4
day 5 of co-culture. The decrease in the AM-1 parts was more gradual however, which in part also appeared
to contribute to the high RANKL levels found at the interface of the two gels.
The high RANKL expression at the interface where AM-1 cells interacted with the bone cells and the miner-
alised culture construct, supported the theory that AM-1 cells may use RANKL to increase bone turnover in
the constructs in order to invade the bone-like tissue. Overall, a larger expression of RANKL was seen in the
interface than in the HOB or AM-1 parts alone (p  0.0001), and the expression at the interface was more
sustained. This is in line with previous results showing that RANKL in ex vivo ameloblastoma samples have
an increased staining of RANKL present on the region of the tumour in contact with its microenvironment
(Qian and Huang, 2010).
The RANKL expression pattern in the co-cultures was similar overall when the two bone-like co-culture
models were compared, with both HOS and HOB cells showing an initial increase, with a more sustained
expression seen in the interface region of both types of organotypic model. There was an increase in RANKL
expression seen at the interface in the HOS + AM-1 constructs, which may indicate an increase in AM-1-
mediated bone resorption at the construct interface. However, this occurred once RANKL expression had
already increased, and therefore this increase was probably due to a HOS-mediated effect; although this does
not rule out that the HOS cells increased expression due to signalling from AM-1 cells.
There was also an increase in RANKL expression seen at the HOB + AM-1 interface. By the time this in-
crease was seen, there was also a similar increase seen in both the HOB and the AM-1 parts of the scaffolds.
This increase may have been due to increasing AM-1 invasion towards the bone-like scaffold and an increased
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potential for bone resorption at this point in the constructs. However, it was not possible to determine whether
this was the case at this stage.
While the RANKL expression levels in the HOS + AM-1 co-culture models reached over 700-times the
level of expression seen in the control samples, RANKL expression in HOB + AM-1 co-cultures was only
approximately 10-fold that of the control samples. The larger increase seen in the HOS scaffolds was thought
to be due to the cancerous nature of the HOS cells.
Notably, a similar gradual increase in RANKL expression at the interface of the co-cultures was seen in both
models. However, this increase requires further study, as it could be a response either to the presence of
Bio-Oss mineral in both models, or an indication that the AM-1 cells upregulate RANKL to increase bone
resorption close to the bone-like scaffolds in order to be able to invade the surrounding bone. A control
without Bio-Oss could be used in the first instance to eliminate this possibility.
4.6.3 NFB gene expression
NFB is a downstream factor of RANKL in the OPG/RANKL bone turnover-regulating pathway, and its
expression is therefore considered a useful indicator of aberrant bone turnover regulation. The results for
HOS + AM-1 co-cultures are shown in fig. 4.13 and for HOB + AM-1 co-cultures in fig. 4.14.
HOS co-cultures
NFB gene expression was found constant throughout culture time in both AM-1 and HOS control samples as
seen in fig. 4.13. In the HOS controls, there was a slight 0.3-fold upregulation compared to the calibrator sam-
ples, whereas in the AM-1 control samples a 0.3-fold decrease was seen. NFB expression in the co-culture
models remained constant in the AM-1 part of the model, but downregulated compared to the calibrators.
Statistically significant differences in NFB expression were found between HOS co-culture samples and
the HOS control samples at all time points in the co-cultures (all p 0.0001). Expression of NFB in the HOS
part of the co-cultures was slightly increased during the first ten days of co-culture, but decreased significantly
to a 2-fold decrease compared to the calibrator sample by day 14.
When NFB expression was compared in the AM-1 co-culture samples and the AM-1 controls, there was
found to be a significant decrease in expression at all time points (all p  0.0001). Expression in these two
sample sets remained level throughout culture time, with a 0.3-fold decrease in the control samples and an
approximate 2-fold decrease in the co-culture samples.
Therefore, AM-1 cells appeared to downregulate NFB expression as a result of co-culture with HOS cells.
HOB co-cultures
A statistically significant increase in NFB expression in the HOB part of these co-cultures was found on
days 5 to 14 (all p  0.0001). Expression of NFB in the AM-1 parts of the co-cultures, when compared to
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Figure 4.13: NFB expression results in HOS+ AM-1 co-cultures. NFB expression remained at a constantly
low level in both control sets. Levels of NFB were found underexpressed and decreasing with time in the
AM-1 parts of the co-cultures. NFB in the HOS parts of the co-cultures was intially upregulated, but there
was a large drop from 1-fold upregulation on day 10 to a 3-fold downregulation on day 14. Two-way ANOVA,
**** indicates p  0.0001. Error bars = 95% CI, n = 3.
Figure 4.14: NFB expression in HOB+ AM-1 co-cultures. NFB levels slightly increased over time in both
the AM-1 and HOB control samples. NFB expression levels were greatly elevated initially in AM-1 cells
in co-culture, but reduced over time. In the HOB cells, NFB expression was initially below control levels,
but gradually increased over co-culture time. Levels in the interface region broadly followed those seen in the
HOS cells, apart from on day 14, when NFB expression was reduced to day 1 levels. Two-way ANOVA, **
indicates p  0.01 and **** indicates p  0.0001. Error bars = 95% CI, n = 4.
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AM-1 controls, was also found significantly increased on days 1, 5 and 8 (all p  0.0001) and on day 14 (p
 0.01).
At the interface, NFB expression was found similar to expression levels in the HOB parts of the constructs
between days 1 and 10. However, expression reduced on day 14 to approximately AM-1-like levels.
Expression of NFB was different in the HOS and HOB co-cultures. In both, expression levels in the
controls were relatively stable over time. However, in the HOB co-cultures expression of NFB increased
with increasing culture time, whereas in the HOS co-cultures it decreased.
The decrease seen in HOS was markedly smaller than the corresponding increase seen in HOB co-cultures -
a 2-fold decrease compared to an approximate 6-fold increase in HOB co-cultures.
The difference in AM-1 and HOB control gene expression compared to the HOS co-culture levels is explained
by the use of a different calibrator sample pool as experiments were carried out at different times. Calibrators
were freshly made (day 0) control constructs samples of both AM-1 and HOS or HOB.
However, as NFB is a downstream factor of the RANKL pathway, the NFB expression levels in the HOB +
AM-1 co-culture correlate with the RANKL levels found in the graph shown in fig. 4.12, whereas the NFB
levels seen in the HOS + AM-1 co-cultures do not correspond to RANKL levels seen in these co-culture
models.
4.6.4 SMO gene expression
Smoothened (SMO) gene expression was only analysed in the HOS + AM-1 co-culture samples, with the
results visualised in fig. 4.15.
There was no difference in SMO expression seen in AM-1 controls and co-cultures between the different
time points analysed. However, when compared to HOS single-cell type control constructs, there was a
statistically significant difference between the HOS constructs at all time points (p  0.0001 for all).
4.6.5 PTCH-1 gene expression
PTCH-1 gene expression was only assayed in the HOB + AM-1 co-culture models. The results are seen in
fig. 4.16.
There was an increase in PTCH-1 gene expression levels seen in all parts of the co-culture constructs
within the first week of co-culture (fig. 4.16). PTCH-1 expression was found 6-8-fold increased on day 8 in
the whole co-culture construct. Subsequently, PTCH-1 expression reduced in all parts of the co-cultures.
PTCH-1 expression in the HOB controls was found to be slightly upregulated. HOB in the co-cultures were
found to significantly upregulate PTCH-1 expression compared to the controls (p  0.0001). There was no
difference found in the AM-1 controls and AM-1 co-culture samples at any of the time points examined.
Both SMO and PTCH-1 have been shown to be dysregulated in ameloblastoma tumours, which is why
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Figure 4.15: SMO expression in HOS + AM-1 co-cultures. SMO expression in both HOS and AM-1 control
samples appeared relatively constant over culture time. In the AM-1 parts of the co-cultures, SMO expression
was also constant but slightly increased compared to the calibrators. In the HOS co-culture parts, SMO
expression was seen to decrease. The largest change in SMO expression over time was found in the interface
region, where expression appeared to reduce over time. Two-way ANOVA, **** indicates p  0.0001. Error
bars = 95% CI, n = 3.
Figure 4.16: PTCH-1 gene expression in HOB + AM-1 co-cultures and controls. PTCH-1 expression in-
creased in all parts of the models during the first week in culture. Expression then reduced in all co-culture
parts. PTCH-1 expression was also high in the AM-1 controls throughout culture, whereas it was significantly
increased in the HOB cells in co-culture compared to the controls. Two-way ANOVA, **** indicates p 
0.0001. Error bars = 95% CI, n = 3.
CHAPTER 4. BONE-LIKE MODEL AND AMELOBLASTOMA CO-CULTURE 136
Figure 4.17: The effect of the two bone-like co-cultures on TRAIL expression. In HOB co-cultures, TRAIL
was upregulated compared to the day 0 single-cell type calibrator samples in both HOB and AM-1 samples.
Contrastingly, in HOS co-cultures, there was a marked downregulation of TRAIL expression in both HOS
samples as well as AM-1 samples. Error bars = 95% CI, HOS + AM-1 n = 3, HOB + AM-1 n = 4.
the expression of these was probed in these co-culture constructs. Expression of these two genes was only
analysed in one of the two co-culture models. However, no significant differences were seen in the AM-1
samples for either SMO or PTCH-1. This may be due to the cancerous properties of the HOS cell line in the
case of SMO, or due to the fact that mutations for both already exist in AM-1 cells and may be predisposing
for ameloblastomas in general. Therefore, the calibrators as well as the co-culture controls and samples would
already express SMO as well as PTCH-1 at abnormal levels prior to incorporation in these models.
4.6.6 TRAIL gene expression
TRAIL acts as an apoptosis inducer in odontogenic tumours, and has been found expressed in the cytoplasms
of ameloblastoma cells. TRAIL expression was therefore probed in both HOS + AM-1 and HOB + AM-1
co-cultures during this study.
No significant differences were found between TRAIL expression in HOS co-cultured and HOB co-
cultured AM-1 cells or HOS and HOB cells respectively (fig. 4.17).
However, there were significant differences between the HOS and HOB co-cultures as seen in fig. 4.17, where
the expression of TRAIL in the HOS co-cultures was greatly downregulated, whereas it was slightly upregu-
lated in the HOB co-cultures (p  0.05 on days 6, 10 and 14 of co-culture). This discrepancy in TRAIL gene
expression levels illustrated the effect different culture environments can have on cells, especially in cultures
with cancerous HOS cells and non-cancerous HOB cells.
Furthermore, this indicates that in the HOS co-cultures, AM-1 cells are not undergoing TRAIL-induced apop-
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Figure 4.18: Confocal micrographs of immunocytochemically stained HOS + AM-1 co-cultures. A-C: The
co-culture on day 7. HOS cells were stained for OPN (green) and nuclei (red), AM-1 cells were stained red
only. OPN stained HOS cells on day 14 of co-culture. The white arrow indicates the AM-1 cell cluster close
to the interface and the white dotted line indicates the construct interface. As can be seen in D-F, the culture
scaffold appeared confluent by day 14. Representative images of n = 3. Scale bars = 100µm.
tosis. Conversely, in the HOB co-cultures, there is a greater potential for TRAIL to cause AM-1 cells to
apoptose in these models. As TRAIL is found in the cytoplasms of ameloblastoma cells, this was an expected
result. This expression pattern, in addition to the other gene expression results presented, indicated that the
HOB + AM-1 co-cultures were an overall better organotypic ameloblastoma model than the HOS + AM-1
co-cultures.
4.7 Immunocytochemistry on co-cultures
In order to better distinguish the two cell types in both the HOS + AM-1 and HOB + AM-1 co-cultures
from each other, immunocytochemical staining of cell type-specific epitopes was used to probe the co-culture
scaffolds. It was also used to qualitatively assess the expression of some proteins in the co-cultures.
4.7.1 Osteopontin
HOS + AM-1 co-cultures
HOS cells were stained for the bone marker osteopontin (OPN) in the co-cultures (fig. 4.18). No AM-1 cells
stained with this bone cell-specific marker.
Again, relatively close interaction between the AM-1 cells and HOS cells in these co-cultures can be seen in
fig. 4.18A-C, where the OPN-stained HOS cells (green) appear close to the AM-1 cells (clustered, indicated
by the white arrow) and close to the interface (white dotted line) between the two constructs. However, al-
though close contact was observed, no actual migration was seen between the HOS and AM-1 constructs by
either cell type.
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Figure 4.19: Immunocytochemistry on HOB + AM-1 samples on days 7 and 14. Osteopontin (green) was
used to differentiate the two cell types in the co-cultures from each other. AM-1 cells are stained with the red
nuclear stain only. A) Day 7 AM-1 cells in co-culture. B) Co-cultured AM-1 cells on day 14. C) Interface
of the co-cultures on day 14, where no invasion was apparent. The white dotted line indicates the construct
interface. A cluster of AM-1 cells on the right, with HOB cells stained red and green on the left. D) Image of
a HOB part of the gel (AM-1 part of the construct to the left of the white dotted line) on day 14, where single
HOB cells (red and green) were seen to surround a cluster of AM-1 cells (stained red only). Here, the AM-1
cells appeared to have migrated across the interface to the HOB part of the scaffold. Representative images
of n = 3. Scale bars = 100µm.
Here, the fast proliferation rate of the HOS cells can also be seen, with the scaffolds not yet confluent on day
7, but as seen in fig. 4.18D-F, the cells have quickly proliferated to achieve confluency by day 14 of co-culture.
HOB + AM-1 co-cultures
Some HOB cells in co-cultures stained for OPN (green), which allowed distinction between the two cell
types, as AM-1 cells were only stained with red nuclei. AM-1 clusters on day 7 are visible in fig. 4.19A, and
increased in size by day 14 (fig. 4.19B).
In fig. 4.19C and D (co-culture interface on day 14), some AM-1 clusters with red nuclei were seen in the
vicinity of some HOB cells stained with both OPN and the nuclear counterstain EthD-1. This co-localisation
of the red and green staining of HOB cells and the red-only AM-1 cells in the samples on day 14 of co-culture
indicated a potential invasion by one of the cell types to the other part of the co-cultures, as seen previously
in fig. 4.8. This potential invasion was investigated further.
4.7.2 Ameloblastin
Ameloblastin (AMBN) is labelled as an AM-1 marker in the literature, and frequently used to differentiate
cells from ameloblastomas with other cell types in biopsies and histological studies. However, it was found
that AM-1 cells co-cultured with HOS and HOB cells during this project did not stain for AMBN at all (fig.
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Figure 4.20: Immunofluorescent staining for expression of AMBN in bone-like co-cultures. Cell nuclei were
stained green with Sytox green, and any AMBN expressed was stained red. No AMBN expression seen in at
either time point in either co-culture construct. A) AM-1 cells in co-culture with HOB on day 7. B) AM-1
cells in co-culture with HOB on day 14. C) AM-1 cells co-cultured with HOS cells on day 7. D) AM-1 cells
co-cultured with HOS cells on day 14. Representative images of n = 3. Scale bar = 100µm.
4.20).
Some AM-1 cells in co-culture with GF cells in the soft tissue models were seen to express a limited amount
of AMBN, as seen in experiments detailed in chapter 5.
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4.8 AM-1 invasion in bone-like scaffolds
Cell invasion and motility were assayed using the Cell Tracker fluorescent stains in the co-culture models and
quantified using ImageJ. As mentioned, no invasion was seen in the HOS + AM-1 cells at any time point dur-
ing any other assay. The high proliferation rate of the HOS cells was also a limiting factor when considering
the use of Cell Tracker assays for assaying cell migration. Therefore, invasion was not assessed further in
these scaffolds.
Invasion in HOB scaffolds was first visualised during confocal microscopy, where potential migration of
AM-1 cell clusters was seen in the HOB part of the construct in early co-cultures (fig. 4.19).
To ensure that the invasion seen in this study was indeed AM-1 cells invading the HOB scaffold, rather than
HOB cells becoming more AM-1-like in morphology, invasion in these co-cultures was studied using the
Cell Tracker assay. The results of this assay are visualised in fig. 4.21. This was a long-time Cell Tracker
culture, as both cell types in the co-cultures were slow-dividing and therefore retained the fluorescent stain
for a longer time. It was therefore possible to carry out this assay over 14 days of co-culture.
On day 0, there was a small number of AM-1 cells (in green) visible in the HOB part of the co-culture
scaffolds (fig. 4.21A). This was thought to be due to the expulsion of liquid from the AM-1 gel during com-
pression and co-culture assembly. Throughout culture, there was only a small number of fluorescently stained
HOB cells seen (faintly stained red), although using a light microscope, abundant cells were seen in the col-
lagen + Bio-Oss constructs at all time points.
When AM-1 migration towards HOB scaffolds was quantified, a significant amount of migration was seen.
The total amount of invasion in a construct on a given day is visualised as bars of increasing size in fig.
4.21C. An arbitrary measure of distance is then given as the different parts of the bar, with the different zones
indicated in fig. 4.21B. Initially, as expected, AM-1 cells migrated close to the interface (zone 1; white bars
at all time points in fig. 4.21C). From day 3 onwards, the migrated cells continued further into the HOB
scaffolds, with the proportion of AM-1 cells migrating into ‘zone 2’ increasing 4.21C. Towards the end of the
co-culture, most of the migrating cells had travelled to the furthest zone 4.21C, indicating that both distance
of migration and cell number migrating increased with increasing culture time.
In scaffolds not analysed with Cell Tracker stains, the entire AM-1 part of the construct would be conflu-
ent by the end of the co-cultures. AM-1 cells were also normally found in large (20+ cell) clusters. This was
not found to be the case in the CT stained samples; the largest cluster seen in any of the samples was six cells
by day 14. This change in behaviour was thought to be a side-effect of the CT stain.
Furthermore, a large amount of autofluorescence from the Bio-Oss granules within the constructs was seen
(e.g. on day 7 in fig. 4.21). This obscured the view of the cells within the constructs at times.
CHAPTER 4. BONE-LIKE MODEL AND AMELOBLASTOMA CO-CULTURE 141
Figure 4.21: Invasion of the AM-1 cells towards the HOB scaffolds in the co-cultures was measured using
Cell Tracker stained populations. HOB cells were labelled red and AM-1 cells green. In A and B, the interface
between the two gels is indicated by the white line in both the fluorescent micrographs as well as the light
micrographs. Only a few HOB cells appeared labelled with the red Cell Tracker stain, however distinction of
the two parts was possible, as Bio-Oss particles were visible in the HOB parts of the constructs (on the top of
each image). The AM-1 parts are seen the below the line. In A, the two populations of cells are seen in their
distinct compartments on day 0 of co-culture. In B) Some migration of AM-1 cells (green) into the HOB part
of the scaffold was visible by day 10. The invasion, which was quantified in C, was measured based on how
far the cells had migrated. 3 zones, as seen in B, were used for this, where zone 1 is the region immediately
adjacent to the interface, zone 2 is further away into the HOB construct and zone 3 is the furthest away (indeed
the remainder of the HOB construct). The histogram in C shows AM-1 cell migration initially close to the
interface, and further into the HOB construct by day 3, with an increasing distance migrated with increasing
co-culture time. Cell numbers shown are the percentage of migrated cells counted of the total cell number
seen in the micrograph per sample, i.e. not of the total cell number present in the construct. I.e. 50% of the
total number of cells on day 11 did not migrate, rather the graph shows that 50% of cells seen close to the
interface in the part of the construct which was captured migrated. Two-way ANOVA, * indicates p  0.05,
*** indicates p  0.001 and **** indicates p  0.0001. Representative images of n = 6. 10X magnification
using the DMIRB fluorescent microscope.
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Figure 4.22: Live/Dead stained AM-1 cells in HOB + AM-1 co-cultures. There was an apparent increase
of cell number and AM-1 cell cluster size towards the interface and the HOB part of the constructs. The
approximate location of the interface is indicated by the white dotted line. Also note the three AM-1 cell
clusters to the left of this line within the HOB construct. No HOB cells are visible. Scale bar = 100µm.
4.8.1 AM-1 directionality in HOB + AM-1 co-cultures
There was an apparent directional increase in AM-1 cell cluster size in the HOB co-cultures. When viewed in
the confocal microscope, it appeared that AM-1 cells either migrated towards or increased proliferation when
proximal to the HOB scaffold (fig. 4.22), creating a gradient of cells increasing towards the interface region
of the co-culture models.
The AM-1 clusters at the end of the scaffold furthest away from the bone-like scaffold also appeared
smaller in size as seen in fig. 4.22, indicating that AM-1 proliferation was increased in the vicinity of HOB
cells. Furthermore, there was an increase in dead AM-1 cells seen at the end furthest away from the HOB
scaffold. This is a similar phenomenon to an observation by Pinheiro et al, where AM-1 cells were reported
to increase their proliferation rate in the part of the tumour proximal to the bone in vivo (Pinheiro et al., 2004).
Some clusters of AM-1 cells were also seen in the HOB part of the scaffold. No HOB cells were visible in
fig. 4.22 due to the reduced uptake of the Live stain by these cells. This type of invasion and clustering may
go on to form a recurrence in vivo or invade the surrounding soft tissues, as it may remain in the bone tissue
after surgical tumour excision.
4.9 Practical issues with the models
4.9.1 Diffusion of oxygen and nutrients
Both HOS + AM-1 and HOB + AM-1 co-cultures were measured to be no more than 400µm in thickness. As
these were floating cultures, and the maximum distance for oxygen and nutrient diffusion is approximately
200µm, there should not have been an issue with diffusion within the models for the duration of culture time.
In fig. 4.23, two day 14 Live/Dead stained co-cultures are visualised as side-on stacks. The increasing cell
death seen with increasing depth of co-culture construct in fig. 4.23 indicated a problem with diffusion of
oxygen, nutrients and removal of waste products in the deeper parts of the constructs. This may have caused
increased cell death in some of the models, especially at the later time points in the co-cultures. However,
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Figure 4.23: Side-on view of 3D ‘stacks’ assembled from d14 Live/Dead HOB+AM-1 co-culture model
confocal images. The direction of the arrows indicates increasing depth of the constructs. Due to the stacking
of the images, the cells are visualised here as coloured lines. Green indicated live cells and red staining
corresponded to dead cells. The two images show an increase of cell death with increasing depth of construct.
The space between the slices in the stack was 5µm. Both images were a 40X magnification.
results presented previously in this chapter, cell proliferation was ongoing in all scaffolds throughout the
co-culture time and the cells appeared viable throughout. As this study did not assess this cell death or the po-
tential presence of hypoxia in these scaffolds further, it is possible that the high proliferation numbers masked
a smaller population of dying cells within the constructs.
4.9.2 Staining of the deeper construct parts
Constructs which were fluorescently labelled displayed some staining issues. The image in fig. 4.24 is a
side-on view (angled at 45 ) of an image stack of a construct, and shows the Sytox nuclear counterstain used.
This stain has not distributed equally throughout the construct. The surface cells in these constructs were
brightly stained and clearly visualised, whereas cells deeper within the constructs were not.
Furthermore, not all cells were stained, and all of the stained cells were not seen using the microscope due
to obstruction of the fluorescent signal by the collagen fibres or other physical factors such as the construct
thickness. This may have caused problems with correctly identifying protein expression and invasion within
the co-cultures, as not all cells within the models were necessarily stained due to this effect.
4.9.3 Autofluorescence in models
As seen in fig. 4.21, the Bio-Oss granules exhibited autofluorescence within the constructs when viewed
under a fluorescent microscope. In some cases, especially when using the confocal microscope, some of
the collagen fibres were also autofluorescent. This made reliable imaging of the constructs more difficult.
Non-fluorescent assay methods, such as immunohistochemistry could be used to overcome this issue.
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Figure 4.24: A 3D stack assembled from Sytox green stained nuclei viewed at a 45  angle. The nuclei closer
to the construct surface are stained brighter, with staining decreasing with increasing depth of construct. The
space between the slices in the stack was 5µm. 40X magnification.
4.10 Main findings and discussion
The initial objective of this chapter was to maintain AM-1 cells alive within a compressed collagen matrix
and to characterise these. AM-1 cells were found to proliferate inside the collagen constructs, and were found
in cell clusters, which is characteristic for the ameloblastoma tumour. Previously, AM-1 cells have been
incorporated in hydrated collagen gels, which they were reported to degrade (Harada et al., 1998). As no
degradation was seen here, and the cells were found to cluster within the constructs, the compressed collagen
scaffolds were deemed more suitable for AM-1 culture than uncompressed collagen constructs by providing
the cells with more tissue-like protein networks, scaffold mechanical properties and cell-to-cell interactions.
Subsequently, the aim of the experiments described in this chapter was to successfully develop a method
with which a co-culture could be assembled using the pre-mineralised bone-like scaffolds to track changes in
gene expression, cellular events and invasion in the models over time.
Several different methods to achieve this were attempted. AM-1 cells were found to be contact dependent,
which caused them to die during attempted tumour sphere synthesis. This was later confirmed by another
study (Kibe et al., 2013).
The co-culture models finally developed made use of a monodispersed AM-1 collagen gel placed next to
(and in physical contact with) the pre-mineralised HOS and HOB gels as detailed in chapter 3. This method
was the most reproducible out of all the ones attempted, and allowed for quick manufacture of several co-
culture models at any one time. However, it is recognised that as the AM-1 cells were added as a separate
collagen-only construct, some of the organotypic properties of the bone-like scaffold were no doubt lost as a
majority of the AM-1 cells were experiencing a soft, collagen-only, monoculture.
The advantages of the bone-like scaffolds developed, and the subsequent AM-1 co-culture scaffolds used,
were considered to be biomimetic due to the bone-like mechanical properties, mineral content provided by
the Bio-Oss granules and the collagen + Bio-Oss mixture providing a microenvironment mimicking that
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found in native bone. Additionally, the addition of osteoblasts in the form of HOB cells made the models
more in vivo-like. Furthermore, the oxygen tensions and nutrient diffusion in the approximately 400µm thick
constructs were thought to closely mimic the bioavailability of oxygen and nutrients in small tumours located
between capillaries in tissues.
Using the co-culture models developed, with the two cellularised constructs placed proximal to each other on
an acellular support gel, the following results were obtained:
• Cells in both HOS + AM-1 and HOB + AM-1 co-culture models appeared alive throughout culture.
• A large upregulation of the osteoclast-activating factor RANKL was seen in co-cultures of AM-1 cells
with HOS scaffolds. This may have been due to the AM-1 cells within these models upregulating their
production of RANKL, or that the presence of AM-1 cells within the co-cultures caused the HOS cells
to upregulate RANKL production.
• AM-1 cells upregulated RANKL production when in co-culture with HOB cells, where the expression
was found to be increased during the entire co-culture time. RANKL expression in the HOB cells was
initially increased in co-culture but then reduced, indicating that these cells were not greatly promoting
bone resorption. The increase in AM-1 RANKL expression also led to a greater amount of RANKL
found in the interface throughout co-culture.
• OPG gene expression was also increased in the AM-1 cells in HOS co-cultures, whereas it was reduced
over time in the HOS parts of the constructs, indicating a reduction in osteoblast activity in these
scaffolds.
• OPG levels in the HOB + AM-1 models were found upregulated in the HOB parts of the constructs,
and in the interface at the earlier time points. This indicated that the HOB cells in these constructs were
still actively attempting to synthesise bone. OPG expression in the AM-1 parts of the constructs was
low throughout, which was expected.
• The large increase overall in OPG levels seen in the HOB co-cultures was thought to be due to the
osteoblastic, non-cancerous nature of the HOB cell line.
• Bone synthesis in the HOB models was clearly underway when AM-1 cells were included in the co-
cultures (as seen in chapter 3), and based on this and the co-culture gene expression results, HOB
co-cultures were deemed a better overall organotypic model.
• NFB, which is a downstream factor of RANKL in the bone resorption pathway was downregulated in
the HOS co-culture models. This decrease was thought to be an effect of the cancerous properties of
the HOS cell line.
• NFB was found upregulated in the HOB co-culture models, which was thought to reflect a potential
increased osteoclast-activating potential in these, more organotypic models.
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• The closer to the HOB + AM-1 interface AM-1 cells were found, the larger and more tightly packed the
AM-1 clusters appeared. This indicated either a recruitment process of AM-1 cells by the HOB cells to
the bone-like scaffold, or AM-1 cell migration towards the bone-like scaffold.
• In HOS + AM-1 scaffolds, close interactions between the two cell types were observed during confocal
microscopy. However, no invasion was seen as the two cell types remained in their distinct gels.
• In HOB + AM-1 scaffolds, large numbers of AM-1 cells were seen to migrate from the AM-1 scaffold
to the HOB scaffold. This migration was directional, as AM-1 migration to the acellular support gel
surrounding the other sides of the constructs was limited.
A large proportion of the results obtained using the HOS + AM-1 co-cultures were undoubtedly influenced
by the cancerous properties of the HOS cell line. While osteosarcoma cell lines appropriately respond to
bone activating factors, they do not accurately mimic the bone mineralisation process in vitro, and events
such as osteoclastogenesis cannot be reliably investigated in this model system; not least due to the lack of
osteoclastic cells in these. Especially the large increase in RANKL gene expression in HOS co-cultures seen
in this study was thought to be due the HOS cells’ potential to invade and resorb bone as an osteosarcoma.
However, the location and cause for RANKL expression in this co-culture system should be confirmed, as at
present it is not known whether the cause for the increased RANKL levels was AM-1 cells increasing their
RANKL production, or AM-1 cell interactions with HOS cells increasing RANKL production by the HOS
cells. Additionally, it is also possible that the increase in RANKL signalling could be due to the presence
of the Bio-Oss granules within the co-culture system, which could cause AM-1 to increase RANKL levels.
Eliminating Bio-Oss from the cultures would control for this possibility, although it would also make the
bone-like cultures less organotypic. Immunohistochemistry could be used to localise RANKL expression in
the co-cultures.
In the HOS + AM-1 cultures, a large increase was seen in RANKL, combined with a relatively small in-
crease in OPG levels over culture time. Therefore, there is probably a capacity for HOS + AM-1 co-cultures
to activate osteoclasts. Increased RANKL expression has previously been found in both the epithelial cells of
ameloblastomas as well as the surrounding stroma of 24 tumour biopsies by Qian and Huang (2010), and the
results presented here appeared to agree with these findings.
However, in the more organotypic HOB co-culture models, the high OPG levels could lead to minimal
RANKL-mediated osteoclast activation. In the HOB + AM-1 co-cultures, a large increase in the OPG levels
was seen, with little RANKL expression over culture time. The initial high levels of OPG in these cultures
may explain the longer time required to upregulate RANKL expression.
According to Boyce and Xing (2006), osteoclastogenesis is usually favoured out of the two outcomes of the
RANKL / OPG pathway. Therefore, cells in HOB + AM-1 cultures could be able to induce RANKL-mediated
bone resorption once the initially high OPG levels seen in these co-cultures had reduced to below RANKL
levels.
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Expression of TRAIL in the co-culture models (fig. 4.17) was found dependent on the co-culture cell
type. The decrease in HOS + AM-1 co-cultures could allow for increased HOS and AM-1 cell survival in
the co-cultures. This could also translate to the in vivo tumour setting, where the decrease in TRAIL could
increase tumour cell survival, although further experiments on ex vivo tumours would be needed to confirm
this.
TRAIL expression in the HOB + AM-1 co-cultures was found increased, which may cause some OPG to bind
to it allowing for more RANKL to activate osteoclasts. The preferential binding of OPG to TRAIL rather than
to RANKL could also lead to increased apoptosis in the AM-1 cells, as shown previously by Sandra et al.
(2006a).
The decreasing expression of NFB, a downstream factor of RANKL in bone resorption, seen in the HOB
+ AM-1 co-cultures was found to correlate with the decrease in RANKL levels seen in these scaffolds.
Osteoblasts, and other cell types e.g. endothelial cells, fibroblasts and chondrocytes, also express RANKL,
with which they can activate osteoclasts (Kearns et al., 2008). OPG is also found expressed on endothelial
cells, smooth muscle cells and fibroblasts (Kearns et al., 2008). Therefore, gene expression levels of these two
molecules does not necessarily correlate with function. This means direct deductions of the level of potential
bone turnover cannot be made based on gene expression data alone, and more tests on RANKL and OPG
activity levels need to be carried out, ideally in the presence of osteoclasts. Immunocytochemical staining for
OPG and RANKL could initially be used to confirm the presence and localisation of these two proteins in the
co-culture models, followed by osteoclast activation (resorption pit) studies.
SMO expression in HOB + AM-1 co-cultures was not found significantly different in the single cell-type
cultures and the co-cultures. This finding correlates with previous studies of ameloblastoma-predisposing
SMO mutations in AM-1 cells and therefore the gene is already aberrantly expressed prior to the cells being
incorporated in the co-cultures (Sweeney et al., 2014).
PTCH-1 in the bone-like co-culture models was found to increase with culture time in the HOB cells, whereas
in the AM-1 cells expression increased in both the co-cultures and single cell controls. This may be due to a
pre-existing PTCH-1 mutation in the AM-1 cells (Kanda et al., 2013). The presence of PTCH-1 in the SHH
pathway has been shown to inhibit SMO expression (Jaaskelainen et al., 2002; Sweeney et al., 2014) and this
may also partly explain why SMO was found expressed at low levels in these co-culture models.
Cell invasion in the HOB + AM-1 models was analysed using the Cell Tracker assay, where some AM-
1 cells were seen to migrate from the AM-1 scaffold to the HOB scaffold. This migration was thought to
be directional, as AM-1 migration to the acellular support gel surrounding the other sides of the constructs
was limited. There was a small amount of AM-1 cells seen in the bone part of the model immediately after
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construct assembly (2 hrs). This displacement of the AM-1 cells from the original construct could be due to
the flow of liquid from the construct during compression. At the point of co-culture construction, only the
AM-1 gel was compressed, which resulted in a uni-directional flow of liquid from the AM-1 construct to its
surroundings. This flow of liquid was assumed to be even around the gel, so it could be expected that some
peripheral AM-1 cells would be lodged in the nylon mesh used for compressing the constructs, as well as the
other part of the construct.
Not all HOB cells stained with Cell Tracker, and there could therefore be undetected HOB migration to
the AM-1 part of the constructs. The reason for this selective HOB staining is not known, but the red Cell
Tracker stain was found fainter overall and more difficult to visualise under the microscope.
Furthermore, AM-1 cells in the stained samples were found not to cluster. The large amount of CT dye added
to the cells during this study may have affected their proliferation capacity, as well as their invasion. As can
be seen in fig. 4.21, there was not a marked reduction in AM-1 cell fluorescent signal even after 14 days of
HOB co-culture.
This is the first organotypic co-culture scaffold developed for an odontogenic tumour. In this chapter, these
co-culture scaffolds have been used to investigate specific pathways which the ameloblastoma tumour may use
to both locally invade the tissue, and to regulate bone turnover. Furthermore, these scaffolds, and specifically
the osteoblast-incorporating HOB + AM-1 co-culture scaffolds, allow monitoring of ameloblastoma tumour
invasion. This organotypic co-culture scaffold further allows in vitro testing for potential therapeutic agents
and any effects these might have on the AM-1 cells, which is further investigated in chapter 6.
Chapter 5
Development of an in vitro soft tissue
ameloblastoma model
This chapter describes the development of a soft tissue organotypic model used in this project to form the basis
of the soft tissue co-cultures, as well as the subsequent ameloblastoma and soft tissue co-culture models.
The initial aims of the experiments shown in this chapter were to maintain gingival fibroblast cells in
collagen scaffolds, and to develop an organotypic soft tissue scaffold by using these cellularised scaffolds.
Subsequently, the aim of the soft tissue-like construct was to model the growth of ameloblastoma tumours
when they recur within the soft facial tissues, and due to the cells used in the organotypic model, specifically
the gingivae.
Soft tissue invasion of ameloblastoma is a pertinent problem in recurrent tumours. The gingivae are one
of the more common ameloblastoma recurrence sites due to their proximity to the initial tumour site within
the jaw bones (Gardner, 1984; Jaaskelainen et al., 2002).
Furthermore, peripheral ameloblastoma is a tumour variant entirely involving the soft tissues (Philipsen et al.,
2001a). By modelling this soft tissue growth in vitro, and discerning potential pathways the tumour uses to
grow and invade in the soft tissue model, invasion within the soft facial tissues in vivo could be contained.
First, the methods used for soft tissue scaffold synthesis are briefly described. Then, basic findings of
growing gingival fibroblasts within the collagen scaffolds in preparation for constructing a co-culture soft
tissue model are described.
In the second part of this chapter, the soft tissue scaffold is made into a co-culture together with cells from
the AM-1 cell line. This co-culture model firstly focussed on quantifying genes with which ameloblastoma
could invade the soft tissue and secondly on attempting to assess this invasion in the in vitro model. Finally,
experiments described in chapter 6 focussed on inhibiting AM-1 cells in the models by applying therapeutic
agents.
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5.1 Summary of methods
Rat tail collagen type I solution was initially cellularised using human gingival fibroblast (GF) cells. The
basement membrane substrate Matrigel was added to the models to reduce fibroblast-induced contraction,
as well as to provide a basement membrane and more ECM factors for an improved organotypic scaffold.
The optimal cell number for this soft-tissue mimicking scaffold was determined using a collagen contraction
assay, after it was found that the matrix contracted during culture. Collagen contraction was also quantified.
The GF-cellularised constructs were analysed for cell proliferation, viability, protein production and scaffold
structure using the Cell Titre Glo ATP assay, Live/Dead staining, histology, qRT-PCR, SEM and TEM. Then,
these soft tissue scaffolds were co-cultured with AM-1 cellularised scaffolds as for the bone-like co-cultures
in the previous chapter. This was done by placing the two scaffolds next to each other and compressing with
an acellular collagen layer to attach the scaffolds. Soft tissue co-cultures were analysed for gene expression,
AM-1 invasion and protein expression.
5.2 Fibroblasts in the soft tissue model
Initially, 300,000 fibroblast cells/ml collagen solution were used to cellularise the compressed collagen scaf-
folds, which was the same cell number as for the bone-like scaffolds. The constructs were examined using
H&E staining to visualise the scaffold architecture and the cells within the collagen constructs. In fig. 5.1A,
a collagen-only construct is seen stained faintly pink, with purple cells visible. Most of the cells seen in this
scaffold were present on the surface of the scaffold. In fig. 5.1B, a collagen-Matrigel scaffold is seen, with
cells evenly populating the scaffold.
Figure 5.1: A) H&E stained gingival fibroblasts in collagen-only scaffolds on day 14 of culture. The cells
(dark purple) had mostly migrated to one surface of the construct (pink), with very few cells remaining in
the middle of the construct. B) Collagen constructs with added Matrigel on day 14, where cells were evenly
spread out over the entire structure, with little migration to the surface seen. Both scaffolds were seeded with
300,000 cells/ml collagen mixture. Scale bars A = 50µm, B = 25 µm.
Two problems were therefore found with the initial collagen-only scaffold which was seeded with 300,000
cells/ml collagen:
Firstly, when the scaffolds were histologically examined using H&E staining, a large amount of cell migration
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to the surface through the model was seen by day 14 of culture (fig.5.1A). This was an issue, as the cells were
required to remain in the scaffold for a longer time period for the co-culture scaffolds, and to remain evenly
spread out throughout the scaffold to create a suitable organotypic environment.
Secondly, macroscopic examination of the collagen constructs showed a 82% gel contraction, compared to
the original construct area on day 1, as seen in fig. 5.2. The construct area was measured using the ‘area’ tool
in ImageJ (see appendix fig. B.10). In fig. 5.2, the fibroblast scaffold (the edge of the construct is indicated
by the white dotted line) is seen on day 7 in fig. 5.2A (in culture media), and on day 14 in fig. 5.2B (culture
media removed).
The contraction of the scaffolds indicated the cells were actively excerting forces on the collagen fibres within
the scaffold to remodel it and were mobile within the constructs. The cells were deemed viable during culture,
but that the initial seeding density was too high, as it quickly resulted in a reduction in scaffold size.
Remodelling of the organotypic scaffold by the cells was desired, however this large reduction in scaffold
size would have necessitated a large starting size for the collagen gel, which was unfeasible due to the large
cell number required and therefore also associated large cost of materials. The amount of contraction of the
scaffolds observed was also relatively uneven, making predictions of final size difficult.
Figure 5.2: Compressed, cellularised collagen-only gels visibly contracted over time in the initial cultures. A)
The white dotted line indicates the initial area of a representative collagen-only gel seeded with 300,000/ml
fibroblasts on day 7 of culture. Note the gel is folded in the right-hand corner. B) The white dotted line
indicates the same fibroblast collagen-only gel on day 14 of culture. Scale bar = 10mm.
5.3 Soft tissue model optimisation
Due to these initial challenges, the soft tissue scaffold was developed further. A two-pronged approach was
decided on, whereby Matrigel was added to the scaffold to provide cells with more ECM factors to exert
mechanical forces on. Additionally, the cell number in the scaffolds was optimised for minimal contraction
using a collagen contraction assay.
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5.3.1 Addition of Matrigel
Matrigel was added to the constructs prior to cellularisation to provide the scaffolds with ground substance,
other ECM factors as well as collagens. Furthermore, Matrigel was added to reduce matrix contraction by
the cells when these are added to the scaffolds. The cells in the collagen-Matrigel scaffolds did not migrate
to the surface of the scaffolds, but appeared evenly distributed throughout the constructs (fig. 5.1B), where
the addition of Matrigel was seen to limit the movement of the fibroblast cells to the construct surface on day
14. Cells in these samples appeared elongated, and aligned in the direction of the compressed collagen fibres
(peripendicular to liquid flow under compression).
Figure 5.3: Live/Dead staining of fibroblasts in the organotypic scaffolds. Cells appeared alive in both the
collagen-Matrigel scaffolds (A) and the collagen-only scaffolds (B) on day 7 of culture. Cells in the Matrigel-
containing scaffolds appeared more elongated. The macroscopic appearance of the two construct types was
discernibly different even after 7 days of culture. The collagen-only scaffolds (D) appeared smoother than the
ones with added Matrigel (C), which set quicker once in the mould. A and B = 40X magnification, scale bar
in C and D = 10mm.
When visualised using Live/Dead staining (in fig. 5.3), the cells in the Matrigel scaffolds appeared larger
and more elongated than in collagen-only scaffolds. Cell viability, as observed visually using this stain, was
approximately equal in both scaffold types. Cell proliferation in the collagen-only scaffolds was not further
quantified at this time due to the above contraction issue.
5.3.2 Collagen contraction assay
Once Matrigel was added to the scaffolds, there was still some contraction observed when 300,000 cells/ml
gel mixture were used. However, this was to a lesser extent than before, with an approximate 50% reduction in
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gel area when comparing day 14 samples with day 0 samples. In order to minimise the amount of contraction
occurring in the models throughout culture time, the optimal cell number in these constructs was determined
by using a collagen contraction assay.
For this, the bottom-up compression method to create stabilised, cellularised collagen gels was used (sec-
tion 2.4). The cell-induced collagen gel contraction over time is visualised as a percentage of the original
construct area in fig. 5.4. An increasing amount of contraction was seen with increasing initial cell seeding
density. A rapid, approximately 5% shrinkage was seen in most samples within the first three days in culture.
A further accelerated contraction was seen between days 11 and 13 of culture, when especially the highest
cell density gels contracted rapidly. In the samples with highest cell seeding density (120,000 cells, dark
blue line in fig. 5.4), the final gel on day 14 was approximately 55% of the initial size measured on day 1.
However, in the gel with the lowest cell seeding density (25,000 cells, blue line in fig. 5.4), the final samples
as measured on day 14 remained at approximately 85% of the original gel size. The decrease in construct size
between the different cell concentrations was deemed statistically significant at day 14 (significantly different
standard deviations between the three ‘groups’ on day 14 as seen in fig. 5.4, p  0.05).
Figure 5.4: All fibroblast-seeded scaffolds contracted during a contraction assay carried out on fibroblast-
seeded collagen-Matrigel scaffolds. Scaffolds were compressed using the bottom-up compression technique.
Different cell densities (25,000 - 120,000 cells) were seeded onto the gels, in order to optimise the number
of cells in the final constructs. Day 0 gel size (i.e. the size of the well) was designated as 100% of size.
Cell densities shown are the number of cells seeded per ml of collagen gel; where each collagen gel volume
prior to compression was 1ml. Even in the lowest seeding density constructs, some cell-induced contraction
was seen. However, the highest seeding density resulted in a contraction of close to 50% over the two week
culture time. For clarity of graph, averages were plotted without error bars. N = 3. Note the y-axis does not
start from 0. A significant difference between standard deviations of samples on day 14 was found (p  0.05;
Bartlett’s multiple comparisons test).
Interestingly, there was a higher amount of contraction seen in the samples initially seeded with 70,000
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cells than in any higher seeding density samples (apart from the samples with 120,000 cells). Further, the
50,000 cell samples also decreased in size more than the 60,000 cell samples, to a size closer to that measured
in the 100,000 cell samples.
It should be noted that the measurements from the images obtained were done over several days, rather
than in one sitting, which explains the apparent levelling or even increase of area seen in some samples. The
slight increases in area over culture time may also have been due to changes of media leading to increased
hydration and media (water) entrapment within the samples. The samples measured were also free-floating
and therefore moved around inside the wells upon handling. However, any increase was never more than a
few percent of the original area, and any increase in size did not have an effect on the overall average size
measurements for the scaffolds.
By decreasing the cell number from 300,000 to 120,000 per ml collagen, the contraction seen in these scaf-
folds was reduced from 82% to 45% of their original sizes. The slight 15% decrease in gel area over the 14
days of culture even in the lowest cell density (25,000 cells) samples in fig. 5.4 was indicative of scaffold
remodelling still taking place.
Scaffold remodelling in all samples was confirmed by histological H&E staining, as seen in figures 5.5 and
5.6. None of the scaffolds, when examined with H&E staining on day 14, appeared confluent with cells (figs.
5.5 and 5.6). However, the cells did remain evenly distributed throughout the scaffolds in all seeding densi-
ties, with more even spread in the samples with fewer seeded cells. This finding further supported the benefit
of adding Matrigel to the scaffolds. It should also be noted that the amount of cells which had potentially
migrated out of the scaffolds to the tissue culture plate was not quantified.
The representative macroscopic images of the collagen-Matrigel gels in fig. 5.5 and fig. 5.6 show the
contraction which took place in all scaffolds between days 7 and 14 of culture. To confirm that scaffold
remodelling was still taking place despite the decrease in cell seeding density, as well as to check for any
cell migration towards the surface of the construct as seen earlier in the collagen-only constructs, the scaf-
folds were examined using H&E staining. Histological staining of the contracted samples revealed a limited
amount of ECM remodelling (light pink staining) in the lowest density gels as seen in fig. 5.5. There was
clear ECM remodelling observed (pink staining) in the two highest density gels, with stronger cytoplasmic
staining in these samples in fig. 5.6. In the samples with 25,000 cells, the cells (dark purple) were still evenly
dispersed throughout the scaffold on day 14 (fig. 5.5). In some other samples, such as the ones seeded with
60,000 cells, some of the cells appeared to have migrated towards one of the surfaces of the gel.
In the samples seeded with 100,000 cells (seen in fig. 5.6), the contraction seen in the macroscopic images
appeared similar to the 80,000 cell samples. Furthermore, the H&E stained sample for 100,000 cells was very
contracted and thinner than the other samples. The other samples seemed to gain some thickness over time
due to the scaffold remodelling and potential trapping of water from the culture media between the collagen
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Figure 5.5: Macroscopic images of the collagen gels on day 7 (left column) and day 14 (middle column), with
the contracting gels seen in media. H&E staining was used on the samples to view general tissue architecture
and remodelling (right column). Here, cell seeding densities of 25,000-70,000 are seen. Plate diameter =
16mm.
In samples examined using histology, the cells (stained purple) appeared evenly spread throughout the scaf-
folds. A slight increase in the pink staining of the ECM indicated a slight increase in matrix remodelling
with increasing cell number and an increase in collagen and ECM density. None of these scaffolds appeared
confluent on day 14. Representative images of n = 3. Scale bars = 100µm.
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Figure 5.6: Macroscopic images of the collagen gels on day 7 (left column) and day 14 (middle column), with
the contracting gels seen in media. H&E stained samples to view general tissue architecture and remodelling
(right column). Here, cell seeding densities of 80,000-120,000 are seen. Plate diameter = 16mm. Increasing
pink staining indicated an increase in ECM and collagen remodelling over time with increasing cell seeding
density. Cells (purple) in the two lower density samples (80,000 and 90,000) appeared relatively evenly
distributed throughout the scaffolds, whereas in the two highest density scaffolds (100,000 and 120,000 cells),
few cells were seen throughout the samples. The scaffolds did not appear confluent even in the more densely
seeded samples on day 14. Representative images of n = 3. Scale bars = 100µm.
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fibres. As can be seen in all the macroscopic images, most of the contraction took place in the second week
of culture; the contraction was therefore highly dependent on a higher number of cells present within the
constructs. The gels appeared folded in the H&E images due the to the fixing and processing techniques used.
5.4 SEM on cells in scaffold
Scanning electron microscopy (SEM) was used to further examine both the cells and the collagen-only and
collagen-Matrigel scaffolds more closely. The scaffolds with added Matrigel appeared creased (fig. 5.7A and
C), whereas the collagen-only scaffolds appeared smoother overall (fig. 5.7B and D). Cells (white arrows) in
all samples appeared elongated with projections, and especially in 5.7D, clustered together. Cells in the day
14 samples appeared more numerous, but a direct comparison of cell number based on the scaffold surface
alone was not possible. The addition of Matrigel to these scaffolds was deemed beneficial to the cells both
due to the reduction in gel contraction and enabling cell proliferation within the constructs, yet still allowing
remodelling of the scaffolds to take place.
All subsequent experiments and co-cultures were carried out with soft tissue models made with collagen-
Matrigel scaffolds and 25,000 gingival fibroblast cells per ml collagen-Matrigel solution, apart from the vi-
ability assay comparison presented in fig. 5.9, where a collagen-only scaffold was used. A 1:2 ratio of Ma-
trigel:collagen was decided on. This was based on similar previous organotypic scaffold studies (Chaudhry
et al., 2013), although the high cost of Matrigel and the difficulty of maintaining it at ice-cold temperatures
before incorporating it to the collagen gels were also considered. In addition, the following practical aspects
were considered: the collagen solution, which started at 4 C was warmed up during neutralisation, due to the
addition of NaOH and handling at RT (21 C). This warming up was beneficial for cell survival upon incor-
poration in the gels, whereas to prevent gelling Matrigel needed to be kept ice-cold. Furthermore, a lower
collagen gel temperature (as potentially caused by a higher volume of ice-cold Matrigel) could have nega-
tively impacted the cells in the gel, as the cells were added immediately after neutralising the collagen, prior
to it setting, which in practical terms left a very short window for Matrigel addition and sufficient mixing.
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Figure 5.7: Scanning electron micrographs of fibroblast-seeded constructs on days 10 and 14. The fibroblasts
in the scaffolds appeared flattened, elongated and spread out in all samples. Some of the cells in the scaffold
are indicated by the white arrowheads. A) The collagen-Matrigel scaffold on day 10. B) A collagen-only scaf-
fold on day 10. C) A collagen-Matrigel sample on day 14. D) A collagen-only scaffold on day 14. Fibroblasts
in all samples appeared elongated and samples from the 14-day time points appeared more confluent. On day
14, the cells had formed networks on the scaffolds, as seen in the middle of C and D. Note all images are
taken from the surface of the samples. Scale bars A, B and D = 50µm, C = 100µm.
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Figure 5.8: Confocal micrographs of gingival fibroblasts stained for live (green) and dead (red) cells on days
1 (A), 6 (B), 11 (C), 14 (D) and 28 (E). The cells in the collagen-Matrigel constructs appeared alive, with very
few dead cells seen on the first four time points. Fibroblasts exhibited a characteristic elongated morphology
within the collagen gels. Cell numbers appeared to be increasing over time to reach confluency around day
14. On day 28 (E), several dead or dying cells were observed within all scaffolds. Representative images of n
= 3. Scale bars = 50µm.
5.5 Cell survival in soft tissue models
Fibroblast survival in the collagen-Matrigel scaffolds was qualitatively analysed using Live/Dead staining and
confocal microscopy. The gingival fibroblasts appeared to survive inside the collagen gels for up to 28 days as
seen in fig. 5.8. Fibroblasts appeared alive (stained green) and slightly rounded on day 1 of culture (fig.5.8A).
On day 1 (fig. 5.8A), there were also a few dead cells (red) visible, which was thought to be due to the gel
making process, where the cells were incorporated in a relatively cold collagen-Matrigel solution and left to
set in it for approximately 20min prior to incubation, as well as the compression process itself, which may
have had a negative effect on the cells. The more rounded cell morphology seen here on day 1 was also partly
thought to be due to the chemical cell detachment process using trypsin, but most cells were still viable. No
rounded cells were seen on any other time point, apart from when a cell was dying. Day 6 samples showed
a limited amount of cell proliferation (fig. 5.8B), but most cells at this time stained green, indicating that the
scaffold was able to support them.
By day 11, the cells had proliferated within the scaffolds (fig. 5.8C). At this time point, the cells (green)
appeared elongated and displayed multiple projections. Fibroblasts at this time point also appeared clustered
together. This was thought to be due to proliferation of the monodispersion of the cells seeded in the scaffolds
and limited movement of the cells within the scaffolds. No dead cells (red) were seen at this time point. On
day 14 (fig. 5.8D), a few dead cells were seen within the scaffolds. Live fibroblasts appeared elongated,
spindle-like and occasionally stellate in their morphology. Most of the scaffolds at this time point appeared
to approach confluency. On the last time point on day 28 (fig. 5.8E), the majority of the cells were still alive
and their morphology was similar to the previous time points. However, there was some extensive cell death
seen in parts of the constructs, with dead as well as dying cells (granular cytoplasms stained green) present in
all samples. This was thought to partly be due to the confluent scaffolds at this late time point, but also due to
nutrient and oxygen diffusion limitations in this long term culture. 28 days of fibroblast culture was therefore,
as for the bone-like scaffolds, taken to be the last time point for analysis of the AM-1 co-culture scaffolds.
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Figure 5.9: Comparison of cell number obtained in GF collagen-only scaffolds using Alamar Blue and Cell
Titre Glo. Readings from both assays were normalised against background values and converted to cell
number using standard curve values. The Alamar Blue metabolic measurement showed an increase in cell
number during the first week, after which the reading reached a plateau. The Cell Titre Glo 3D metabolic
assay gave a constant increase in cell ATP activity throughout culture. It should also be noted that while
the Cell Titre assay picked up approximately the correct number of cells (approximately 3,125 seeded per
scaffold on day 0), the Alamar Blue reading obtained correlated to approximately 50,000 cells (maximum on
day 6), although 150,000 cells were seeded initially per scaffold.
5.6 Cell proliferation in soft tissue models
Initially, cell numbers within the soft tissue models were measured using the Alamar Blue metabolic col-
orimetric assay as for the bone-like co-cultures in chapter 3. However, as with the bone-like scaffolds, this
was found to be unreliable and inconsistent. This was probably due to issues with reagent penetration in the
scaffolds during the incubation time, especially in the more dense, contracted later time points examined.
Measurements for cell number obtained using the Alamar Blue assay were compared with cell numbers ob-
tained using the Cell Titre Glo 3D ATP luminescent assay. In fig. 5.9, the two methods are compared to show
the discrepancy between the number of metabolically active/viable cells in the scaffolds.
Readings from the Alamar Blue assay indicated an initial increase in cell viability in these scaffolds in the
first week of culture, with a peak in cell number on day 6 of culture. Subsequently, the cell metabolic activity
declined to levels similar to those measured at the start of culture, with the cell number measured reaching a
plateau between weeks 3 and 4 of culture.
In contrast, measuring cell number using the ATP-based Cell Titre Glo assay, GF cells in the scaffolds in-
creased consistently in number throughout the 28-day culture time. The expected cell number per cut collagen
scaffold on day 0 was approximately 3,100 cells (75,000 cells per 3ml collagen-only scaffold, compressed
and cut into 24 equal pieces). Figure 5.9 shows an increase in fibroblast cell viability in the collagen scaffolds
from initial seeding to day 28 in culture. Cell numbers in the scaffolds increased over culture time. By day
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Figure 5.10: Gingival fibroblast cell viability in the collagen-Matrigel scaffolds as measured by the Cell Titre
Glo ATP assay. Fibroblasts in the constructs proliferated steadily throughout the 15 day assay period. A
tripling of cell number was seen within the first week of culture (on day 6), and by day 10, the cell number
was ten-fold to that seeded. During this study time, no decrease in proliferation was seen, indicating that the
scaffolds were not yet confluent by day 15. Error bars = 95% CI. N = 3.
6, an approximate tripling of cell number was observed (8,500 cells per scaffold). By day 9, cell number
appeared 10-fold to the initial cell seeding number (approximately 30,000 cells). By day 14, when the AM-1
cells were incorporated to form the co-cultures, there were approximately 45,000 cells per construct.
The Alamar Blue assay picked up approximately 50,000 cells in a construct with of a seeded 150,000 initial
cell number. Meanwhile, the Cell Titre Glo assay measured approximately 3,000 cells in the scaffolds of an
approximate 3,125 cells per scaffold with an initial 25,000 cells per ml collagen seeded in the scaffolds.
Based on this finding, GF cell survival inside the collagen-Matrigel constructs was subsequently assessed
by measuring cellular ATP using the Cell Titre Glo Assay and the results are visualised in fig. 5.10. On the
day of seeding, day 0, the cells were in a monodispersion throughout the scaffolds. Cell number within these
constructs increased steadily with increasing time in culture. Cell proliferation did not appear to plateau or
decrease during the assay time, which indicated that the cells had not reached confluency within the constructs
during the assay time. Indeed, this was consistent with the H&E staining seen previously in fig. 5.5.
These findings were also mainly consistent with the increasing cell number and confluency of the scaf-
folds seen using Live/Dead staining (fig. 5.8), up to the last 28-day time point. The increase in cell viability
seen using Cell Titre Glo between days 21 and 28 was not seen when using the Live/Dead stain for day 28
samples. Instead, a lot of the cells at this last time point appeared to be dying when examined under the mi-
croscope. This indicates that the Cell Titre Glo assay may not be able differentiate between dying and living
cells, which both contain ATP. This may affect the cell viability results obtained with this assay.
However, despite this potential over-estimation of cell viability when using the Cell Titre Glo assay, it was
deemed more suitable for measuring cell viability within compressed and dense collagen-Matrigel scaffolds.
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Figure 5.11: Transmission electron micrographs of gingival fibroblasts in collagen-Matrigel constructs on
day 14. A) The approximate cell membrane of a part of a single fibroblast is indicated by the black dotted
line. Abundant vesicles were seen along the cell membrane, indicating production and transport of various
extracellular proteins. Vesicles were also seen inside the cell cytoplasm. B) Potential collagen fibre extrusion
was also seen in these scaffolds, as seen here on the apex of the cell. C) Characteristic collagen fibre banding
was seen in the scaffolds. Collagen fibres appeared randomly oriented throughout the scaffolds, although
some in the vicinity of cells were aligned with the cell membranes. No difference in collagen or ECM
appearance was found between collagen-only and collagen-Matrigel scaffolds when these were examined
using the TEM. Scale bars = 500nm.
5.7 Transmission electron microscopy of scaffolds
Transmission electron microscopy was used to examine the cell ultrastructures more closely. Abundant vesi-
cles were seen in the cell cytoplasms as seen in fig. 5.11A. Many of the vesicles seen appeared to be filled.
Non-filled, rounded vesicles (or vacuoles) were taken to be either lipid droplets within the cells or a sign of
ongoing apoptosis, although vesicles could also be an artefact created by sample processing. As the vesicles
in fig. 5.11A were mostly filled, they were thought to indicate protein and ECM factor synthesis in the cells
and protein transport out of the cell. Cells were seen to potentially extrude collagen fibres, as seen at the apex
of the cell in fig 5.11B.
TEM analysis also allowed a closer look at the collagen fibres in the constructs, which are seen in fig.
5.11C. Collagen fibres, with their characteristic banding clearly visible, appeared somewhat disorganised,
although some fibres, especially around the cells within the scaffolds, seemed more organised and aligned
along the cell membrane (fig. 5.11C). Collagen fibres were evenly distributed across the scaffolds.
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5.8 Conclusions for developing a soft tissue-like model
The first part of this chapter has described the development of a soft tissue organotypic scaffold to be incor-
porated with cellularised AM-1 tumour model constructs to form co-cultures.
The main parameters explored and conclusions for the development of the organotypic soft tissue part of the
co-culture scaffold are summarised in table 5.1. The results obtained in the first part of this chapter informed
the development of the subsequent soft tissue co-culture construct.
Table 5.1: Summary of variables considered when developing the soft tissue models. This table details
the various parameters tested when developing the soft tissue scaffolds. The final parameters used are also
outlined in the ‘Outcome’ column.
Variable investi-
gated
Range tested Result Outcome
Collagen amount in
scaffolds
67- 100 % 100% collagen constructs contracted ex-
cessively and the cells migrated to the sur-
face. Contraction was reduced with the ad-
dition of Matrigel, which also provided the




with a 2:1 col-
lagen: Matrigel




0 - 33 % Matrigel was deemed beneficial for cell re-
modelling and for a more organotypic scaf-
fold due to the addition of other ECM fac-
tors. No change in cell viability or prolif-
eration was seen. Constructs with Matrigel
contracted less.
Matrigel was
added to all sub-
sequent cultures.
Cell number 25,000 -
300,000 cells
/ ml
25,000 cells contracted the least (by ap-
proximately 15%). Up to 82% contraction
seen in 300,000 cells/ml models and 45%
in the 120,000 cells/ml models.






Number of days in
culture
0 - 28 days A 28 day culture allowed for remodelling
of the GF scaffold. By 28 days, there was
extensive cell death seen in the single cell
type GF scaffolds, therefore this was de-








The gingival fibroblast cells in the constructs initially caused a large amount of contraction due to scaffold
remodelling. However, this was overcome by the addition of Matrigel basement membrane and by reducing
the cell seeding density. Fibroblasts survival was assayed for 28 days within the scaffolds, during which time
they proliferated to confluency. The cells in these scaffolds remained alive throughout culture time, appeared
to proliferate and to remodel the matrix.
A day 14 culture time point was decided on for constructing the co-culture models, as this was found to be
when the fibroblasts had expanded to most of the scaffold and a minimal amount of contraction was seen.
This also allowed for experimentation on both the soft tissue model and the bone-like model in parallel.
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5.9 Ameloblastoma and soft tissue model co-culture
In this part of the chapter, the synthesis of the soft tissue ameloblastoma co-culture model is described. As
with the bone model, ameloblastoma cells from the AM-1 cell line were added to the soft tissue-like scaffold
to form a co-culture, and these two cellularised constructs were cultured together for two weeks to produce an
organotypic soft tissue model. It should be noted that for the GF + AM-1 co-culture scaffolds, any mention
of ‘collagen scaffold’ refers to the collagen-Matrigel scaffolds.
This model was assembled in the same way as the bone-like model described in chapter 4, with the bone-
like scaffold being substituted for a soft tissue mimicking fibroblast scaffold in addition to AM-1 cells. As
with the bone-like models, there was also a layer of acellular collagen gel added to the co-cultures to ensure
the model remained attached for the whole culture time and withstood manipulation. The set-up of the co-
culture model is shown in fig. 5.12: the two separate cellularised gels were placed next to each other on top
of an acellular gel. In the schematic in fig. 5.12, blue indicates the fibroblast-cellularised, soft tissue model
Figure 5.12: Schematic of the soft tissue co-culture model set-up. The soft tissue organotypic scaffold is
denoted in blue and the AM-1 part of the model in red. The interface region, where the two different cellu-
larised gels meet and where cells potentially closely interact with each other, is shown in purple. Note that
this schematic does not include the acellular gel on the bottom.
part, the red is the AM-1 part and the purple indicates the interface between the two gels, where the two cell
types come into physical contact, and where in theory, as in the bone-like co-cultures, there may be a mixed
population of cells present. As the two constructs were in close contact, paracrine effects would also have
been present.
The approximate size of the final co-culture model was 10mm x 5mm, and the constructs were approximately
250µm in thickness. The co-culture models were incubated in 24-well plates in 1ml KSFM, with media
changed every 2 days. Co-cultures were analysed for gene expression using qRT-PCR, a selection of proteins
were stained for and the cells in the scaffolds viewed using immunocytochemistry and confocal microscopy.
Cell invasion was visualised using the Cell Tracker assay.
5.10 Cell survival in co-cultures
Cell viability in both the GF and AM-1 parts of the co-culture models was measured using Cell Titre Glo. The
viability data for GF cells in the co-cultures is seen in fig. 5.13A. These cells had, as seen previously, already
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been pre-cultured for 14 days to remodel the matrix and provide a more organotypic culture environment.
Therefore, the proliferation rate of the GF cells had slowed down by the time these were incorporated in the
co-cultures. As can be seen in figure 5.13A, there were approximately 40,000 fibroblast cells in the constructs
at all time points during the two week co-culture. No significant difference between the time points was
found.
In fact, the overall increase in cell number seen in GF-only constructs in fig. 5.9 was not seen here; although
the cell numbers seen at the start of the co-culture here corresponded with those in the GF-only culture
cell numbers in fig. 5.10. The addition of AM-1 cells appeared to have reduced or slowed down GF cell
proliferation.
Figure 5.13: Cell Titre Glo measured cell viability in GF + AM-1 co-culture constructs. Cells in both parts
of the constructs were viable. Cells in the GF part (A) of the construct had been pre-cultured in the collagen-
Matrigel scaffolds for 14 days, so this longer culture period explains the reduced cell proliferation rate seen
in these constructs. AM-1 cells (B), which had been freshly seeded to form the co-cultures, were seen to
proliferate throughout the 14 day culture time. AM-1 cells increased from their initial 3,000 cells per construct
to approximately 15,000 cells per construct after 10 days in co-culture. Error bars show the 95% CI, n = 3.
The results of AM-1 cell viability in the co-cultures as measured using the Cell Titre Glo assay are plotted
in fig. 5.13B. These cells increased in cell number during the 14 day culture time. On days 1 and 4, approx-
imately 4,000 cells were detected in the models. By day 14, there were 15,000 cells present in all models.
There was a significant increase in cell number when comparing the early (days 1, 4 and 7) time points with
the late ones (days 10 and 14, p  0.001). There was no significant difference between the cell number seen
between days 10 and 14, although as seen in fig. 5.13B, it appeared to decrease slightly. This could be due
to inter-experimental variation in separating the two co-culture parts from each other in preparation for this
assay.
AM-1 proliferation in GF + AM-1 co-cultures appeared similar, although was found slightly increased when
compared to the proliferation levels seen in the HOB co-cultures (10,000 AM-1 cells were measured in HOB
co-cultures), compared to the 15,000 cells by day 14 of co-culture measured in these models. In contrast,
70,000 cells were measured for the AM-1 part of the HOS + AM-1 scaffolds by day 14, again indicating that
the cancerous HOS cell line had a major effect on the behaviour on the AM-1 cells.
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5.11 Gene expression in co-culture models
In order to determine what effect co-culturing AM-1 cells together with the fibroblast scaffolds had on the
gene expression in co-cultures, qRT-PCR was carried out. Changes in gene expression were analysed in
the three different parts of the co-cultures as seen in fig. 5.12: AM-1, IF and GF. ‘GF control’ and ‘AM-1
control’ samples indicate single-cell type scaffolds cultured for the same time as the co-cultures. Asterisks
have been placed on top of the bar where gene expression was found significantly different when compared
to the corresponding control sample.
Firstly, MMP-2 and MMP-9 levels were examined (figures 5.14 and 5.15, respectively), as these are involved
in matrix remodelling, collagen and ECM breakdown, as well as cell motility within tissues. Both have also
been shown to increase in expression in ameloblastoma tumours, and it was therefore thought these could
provide clues to AM-1 soft tissue invasion.
Matrix metalloproteinase-2 (MMP-2)
Figure 5.14: MMP2 mRNA levels in GF + AM-1 co-cultures. Gene expression levels of MMP-2 in the
GF controls were around 5-fold less than in the calibrator samples, whereas in the AM-1 controls MMP-
2 expression remained level with the calibrator. In the co-cultures, MMP-2 expression in the GF part was
similar to the GF controls throughout. However, in the AM-1 part, MMP-2 expression steadily increased
throughout culture time. MMP-2 levels in the interface also increased five-fold in the 14 days of culture.
Two-way ANOVA, *** indicates p  0.001, **** p  0.0001. Error bars show the 95% CI, n = 4.
MMP-2 gene expression, as seen in fig. 5.14, increased significantly over time between the AM-1 control
samples and AM-1 in the co-cultures on days 10 and 14 (p  0.0001). No significant difference was found
between the AM-1 samples and AM-1 controls on days 1 and 6. Note the minimal expression throughout
culture time in the AM-1 control samples, indicating little MMP-2 expression present. This indicated that the
increased expression of MMP-2 in the AM-1 part of the constructs later on in culture was due to the co-culture
with GF cells.
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Significant differences were also found between the GF control samples and the GF part of the co-cultures on
day 1 (p  0.0001), day 6 (p  0.001), day 10 (p  0.001) and day 14 (p  0.0001). MMP-2 levels between
GF and IF as well as IF and AM-1 were found significantly different on days 1, 6 and 10 (p  0.01), but this
difference disappeared between the AM-1 parts by day 14, with the observed increase in MMP-2 levels in the
interface of the co-cultures.
Matrix metalloproteinase-9 (MMP-9)
MMP-9 expression levels throughout the GF + AM-1 co-culture scaffolds is plotted in fig. 5.15. On days 1
and 6, there was a significant increase (both p  0.01) in MMP-9 levels observed in GF co-culture samples
compared to the GF controls. However, on days 10 and 14 there was a significant decrease in MMP-9
expression between GF samples and GF controls (both p  0.0001). As MMP-9 expression levels remained
high in the GF control samples throughout culture time, this indicated that the decrease in MMP-9 in the
co-culture samples was due to co-culture with AM-1 cells.
The difference in MMP-9 expression between AM-1 control and AM-1 co-culture samples was significant
from day 6 of culture onwards (all p  0.0001), with AM-1 in co-cultures exhibiting an approximate 5-fold
increase in MMP-9 expression than their control equivalents. A significant difference was also found between
IF and AM-1 in co-culture on day 1, however by day 6 this difference between the AM-1 part and the interface
disappeared, with increased MMP-9 expression also in the interface. There was very little MMP-9 seen in
the AM-1 controls throughout culture, indicating that the increase in MMP-9 expression was also due to the
co-culture with GF cells.
Figure 5.15: MMP-9 mRNA levels in the GF + AM-1 co-culture models. MMP-9 expression appeared to
increase over time in the AM-1 part of the co-cultures. MMP-9 expression was high (10-fold compared to the
calibrator) throughout culture time in the GF control samples, and relatively high but decreasing in the GF
co-culture samples. Two-way ANOVA, ** indicates p  0.01, *** p  0.001 and **** p  0.0001. Error
bars show the 95% CI, n = 4.
The increase in MMP-9 in the AM-1 part of the co-cultures was not found as large as that for MMP-2;
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with a 5-fold increase in MMP-9 compared to an 8-fold increase for MMP-2 by day 14. MMP-9 levels were
higher in all other parts of the co-culture models and controls than in the AM-1 part (fig. 5.15), which indi-
cated that the increase in MMP-9 in the AM-1 part was due to the high levels elsewhere, or due to a slower
response by the AM-1 cells to the co-culture environment.
Unlike MMP-2 (fig. 5.14), where the levels were found to increase at the interface of the co-cultures,
presumably due to the increasing MMP-2 expression seen in the AM-1 part, MMP-9 in the IF part remained
at approximately 5-fold compared to the calibrator samples throughout co-culture.
Whereas for the MMP-2 gene expression data, it appeared that the increase in MMP-2 in the AM-1 samples
caused a slow increase in MMP-2 expression in the IF part of the co-cultures, the opposite seemed to be the
case for MMP-9 expression. An initially high MMP-9 expression level in the GF part of the constructs, but a
low MMP-9 expression in the AM-1 part, translated to a relatively high level of MMP-9 expression in the IF
part throughout co-culture. These increases in MMP levels for both cell types may aid potential cell invasion
within the co-cultures. This was subsequently explored further.
Smoothened (SMO)
Finally, gene expression of SMO was examined and the results are plotted in fig. 5.16. Previous studies
have shown SMO to be abundantly over-expressed in ameloblastoma tumours, and potentially indicated as
causative in some ameloblastomas, which is why SMO expression was also examined during this study.
Figure 5.16: SMO mRNA levels in the GF + AM-1 co-culture models. SMO expression was found initially
high and gradually decreasing in the GF control samples, whereas in the AM-1 controls expression was
initially low and then increased. SMO expression in the GF parts of the co-cultures was found significantly
lower compared to the controls. No change in SMO levels in the AM-1 co-cultures were seen compared to
that seen in the AM-1 control samples. Two-way ANOVA, **** indicates p  0.0001. Error bars show the
95% CI, n = 3.
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In the AM-1 co-cultures, AM-1 controls and the interface, a slight increase in SMO expression was seen
between days 1 and 6 of culture (fig. 5.16). SMO expression in the IF region was similar to the expression in
the AM-1 parts, with no significant differences at seen any time point (fig. 5.16). SMO expression remained
approximately 2-fold increased compared to the calibrator samples in both the AM-1 controls and co-culture
samples throughout culture time.
SMO expression in the GF cells appeared to be influenced by whether they were cultured alone or with AM-1
cells (fig. 5.16). In the GF co-cultures, SMO was consistently underexpressed, whereas in the GF controls,
there was a significant over-expression at all time points (all p  0.0001).
When the SMO levels seen in AM-1 cells grown with GF cells were compared to the results obtained when
AM-1 cells were grown in the bone-like co-cultures as seen in fig. 4.15, the results were similar overall. In
both the bone-like and the soft tissue co-cultures, AM-1 SMO gene expression remained constant over culture
time, at approximately 1-2-fold that of the calibrators. AM-1 cells cultured alone and in co-cultures showed
no significant change in gene expression in either experimental set-up. The only change seen in both was in
SMO expression by the other cell type AM-1 cells were cultured with, as both HOS cells and GF cells showed
a significant reduction (p 0.0001) in SMO expression when in co-culture with AM-1 cells compared to their
respective controls.
5.12 Assessing invasion in the co-culture models
5.12.1 Confocal microscopy
The interface between the two gels was examined using confocal microscopy to visualise any close cell-to-cell
interactions in the part of the co-cultures were the two constructs were proximal. Furthermore, any potential
invasion was also visualised.
In fig. 5.17, confocal micrographs of the interface between the two gels are seen. The point at which the two
constructs join is indicated by the white dotted line.
No invasion was seen in the co-culture constructs on either day 7 (fig. 5.17A) or day 14 (fig. 5.17B), but
the two cell types were found closely interacting at the border of the two constructs in co-culture (denoted
by the white dotted line). AM-1 cell clusters are indicated by the white arrows, whereas blue arrows denote
fibroblast cells. The fibroblasts on both days shown here appeared peripendicular to the edge of the GF scaf-
fold. Fibroblast nuclei appeared elongated, whereas the AM-1 cell nuclei were rounded. AM-1 cells appeared
to have proliferated in the vicinity of the GF cells and were clustered together.
However, it was not possible to definitively determine which cells were which type using only the cell mor-
phologies as a distinction.
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Figure 5.17: The co-culture interface between the GF and AM-1 cellularised constructs. A) Day 7 and B)
Day 14. The white dotted line indicates the interface of the two construct parts. White arrows denote AM-
1 cell clusters, blue arrows GF cells. No invasion was seen at any time point in the GF + AM-1 cultures,
although the cells were in close proximity to each other at both days 7 and 14. Samples stained for fibroblast
surface protein (green) and the EthD-1 nuclear stain (red). Both images are a 40X magnification. Confocal
micrographs of immunocytochemically stained samples. Representative images of n = 3.
5.12.2 Cell Tracker
To more closely assess any potential invasion taking place between the two distinct cellularised gels, they
were examined using the Cell Tracker assay. As the cells were stained prior to incorporation in the gels, the
two populations were labelled with non-transferable fluorescent dyes as seen in fig. 5.18. The time for this
assay was limited to four days due to the relatively fast proliferation rate of the GF cells. On day 0 (2 hours
after co-culture assembly), the cells were in their distinct populations within the scaffolds (fig. 5.18A, B),
with AM-1 cells stained red and GF cells in green (nuclei were counterstained blue).
By day 2, AM cells were beginning to form larger clusters (fig. 5.18C, D; insert: a cluster of AM-1
cells from another part of the construct) as expected. Staining in the GF cells had started to fade due to cell
proliferation. The cell populations were still in their distinct parts of the co-culture models on this time point.
By day 4, a limited amount of invasion was seen (fig. 5.18E), where the GF cells appeared to have invaded
the AM-1 part of the model (the interface between the two parts is indicated by the dotted line). However,
in another sample seen in fig. 5.18F, the cells remained in their distinct constructs; a lack of invasion was
also found in the other samples examined. The dye in the fibroblast population had largely faded by this time
point, and the AM-1 cells appeared to have lost the majority of their fluorescent signal. Arrows specific to the
staining colour (AM-1 = red, GF = green) were therefore employed in fig. 5.18E and F to indicate the faint
colouring of the cells seen in the day 4 samples.
Despite the increase in MMP-2 levels seen taking place using gene expression analysis, the AM-1 cells were
not using MMP-2 to invade the GF part of the co-culture models. The AM-1 cells in these models must
therefore require MMP-2 for some other function; this was investigated further.
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Figure 5.18: Cell Tracker dyes were used to distinguish the two cell populations from each other in the co-
cultures. Here, nuclei are counterstained blue. Cells stained blue + green = fibroblasts, cells stained blue +
red = AM-1 cells. Not all cells stained blue, and not all cells from one population were stained with the Cell
Tracker dye. Top row: constructs two hours after assembly: A) AM-1 and B) GF parts of the samples. Middle
row: constructs on day 2: C) AM-1 and D) GF parts of the samples. Bottom row: constructs on day 4: E
and F two separate constructs, with the white dotted line indicating the interface of the two construct parts.
Very little invasion was seen, with two AM-1 cells seen to invade the GF part of the construct in one scaffold
on day 4 (E). The Cell Tracker dyes became much fainter in four days of culture due to cell proliferation,
which is why in E and F, the cells stained green (GF) are indicated with green arrows, and the cells stained
red (AM-1) are indicated with red arrows. Representative images, n = 6. 10X magnification.
5.13 Immunostaining of GF + AM-1 co-cultures
Invasion and cell movement within the scaffolds was analysed using immunocytochemistry (ICC) and viewed
under a confocal microscope. ICC allowed for a longer co-culture time of these scaffolds than the Cell Tracker
assay, as well as labelling of the distinct cell populations within the co-culture models, thereby allowing vi-
sualisation of any cell-to-cell interactions and invasion.
Cells were stained for fibroblast surface protein (FSP) and fibroblast activation protein (FAP). Both of these
are used as fibroblast cell markers, and FAP is also used as a marker of activated (tumour associated) fibrob-
lasts. GF cells did not, as expected, express AMBN, which was used as an AM-1 cell marker.
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Figure 5.19: MMP-2 staining (green) in AM-1 cells in AM-1 single-cell control samples on day 14 and in the
GF + AM-1 co-cultures on days 7 and 14. Nuclei were counterstained with EthD-1 and appeared red. AM-1
cells were rounded and in clusters. MMP-2 staining was seen in some parts of the AM-1 clusters when these
were co-cultured with GF cells. MMP-2 staining appeared increased with culture time. Confocal micrographs
of immunocytochemically stained samples. Representative images of n = 3. Scale bars = 50µm.
5.13.1 Matrix metalloproteinase-2
The previous gene expression data indicated that the expression of MMP-2 increased over time in the AM-1
parts of the co-culture models, but was not found expressed by the GF cells in the constructs. However, as
MMPs are initially expressed as enzymatically inactive molecules, and require activation by a cysteine switch
to cleave the pro-domain from the molecule (Kessenbrock et al., 2010), gene expression alone could not be
used to reliably quantify active MMPs in the models.
MMP-2 staining revealed that AM-1 cells in co-cultures (seen in fig. 5.19) but not those in single-cell type
controls expressed MMP-2. This indicated that MMP-2 was secreted by the AM-1 cells in response to being
cultured together with GF cells, similar to expression found using gene expression analysis.
MMP-2 expression in the co-cultures appeared stronger on day 14 in culture than on day 7, although this
was probably due to the cells proliferating and the increased AM-1 cluster size on the latter time point, causing
a slight increase in MMP-2 staining. The intensity of ICC staining was not quantified further. However,
correspondingly, qPCR results had also indicated an increase in MMP-2 expression between days 7 and 14.
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Figure 5.20: MMP-2 staining (green) in GF cells in the GF + AM-1 co-cultures on days 7 and 14. Nuclei
were counterstained with EthD-1 and appeared red. GF nuclei appeared mostly elongated with some rounded
morphologies. Small amounts of MMP-2 staining were seen in day 7 co-culture samples. MMP-2 staining in
the GF cells decreased with culture time. Confocal micrographs of immunocytochemically stained samples.
Representative images of n = 3. Scale bars = 50µm.
In the AM-1 clusters in fig. 5.19, staining was mostly visible on the edges of the tumour clusters. This
could be due to the cells on the surface of the clusters using MMP-2 to break down the ECM surrounding the
clusters in order to be able to expand, or it could be due to issues with decreased MMP-2 staining deep in
the AM-1 clusters. However, AM-1 cells on the interface between the two cell populations did not express
noticeably more MMP-2 than those elsewhere in the constructs. This indicated no MMP-mediated increase
in invasion potential in the cells on the edge, which were close to the fibroblasts and interacted with these
cells both through cell-to-cell interactions and paracrine factors, when compared to those in the single-cell
populations at the other edge of the gels, and in single-cell control constructs.
A very limited amount of MMP-2 expression was also seen in the GF parts of the co-culture constructs on
day 7 (fig. 5.20). MMP-2 levels went on to reduce to next to non-existent by day 14 of co-culture, as can be
seen in fig. 5.20, with only a few cells staining green. No increase in MMP-2 staining was seen in the cells
closer to the AM-1 population at the interface of the co-cultures.
Close interactions between the two different cell types within these co-culture models were seen, but no
invasion was observed.
5.13.2 Fibroblast surface protein
Cells were initially stained with fibroblast surface protein in order to differentiate GF cells and AM-1 cells in
the co-cultures. Fibroblast cells were therefore, as expected, stained green, with nuclei counterstained red on
both days 7 and 14 of co-culture as seen in fig. 5.21. Both cell numbers as well as FSP staining appeared to
increase with increasing culture time (fig. 5.21). The GF cells had by day 14 formed a confluent network of
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Figure 5.21: Confocal micrographs of GF cells in GF + AM-1 constructs stained for fibroblast surface protein
(FSP) staining using immunocytochemistry. GF cells were stained with both red (nuclei) and green (FSP).
The top row is a sample on day 7 of co-culture and the bottom row is a day 14 sample. Most fibroblast cells
stained for FSP, with both cell number and FSP staining appearing to increase with increasing co-culture time.
Representative images of n = 3. Scale bars = 50µm.
Figure 5.22: Confocal micrographs of immunocytochemically stained samples. AM-1 cells stained for fi-
broblast surface protein (FSP; green) with nuclei counterstained red. A) AM-1 cells did not stain for FSP on
day 14 of single-cell type culture. Nuclei were counterstained red. B) AM-1 co-cultures did also not stain for
FSP on day 7. C) AM-1 cells in GF + AM-1 co-cultures on day 14 stained for FSP. The AM-1 clusters also
appeared less tightly packed in these late time-point samples. Representative images of n = 3. Scale bars =
50µm.
cells within the GF parts of the co-culture constructs.
No fibroblast surface protein staining was seen in AM-1 cells in single cell type controls (5.22A), or on
day 7 of co-culture (5.22B). Interestingly however, by day 14 of co-culture, FSP appeared also to be expressed
by AM-1 cells as seen in fig. 5.22C. As this effect was not seen in the single cell type control samples, it can
be assumed that some AM-1 cells began to express FSP due to the co-culture environment.
The AM-1 cells which stained for FSP appeared to be less tightly clustered (fig. 5.22C), than the cor-
responding AM-1 cells which did not stain for FSP (fig. 5.22A). This change in FSP expression could be
due to the AM-1 cells in co-culture becoming phenotypically more fibroblast-like, either through endothelial-
mesenchymal transition or a tumour-induced invasion process requiring a more fibroblast-like AM-1 pheno-
type.
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Figure 5.23: Ameloblastin (AMBN; red) and fibroblast surface protein (FSP; green) staining as seen on AM-
1 cells on day 14 of co-culture. Confocal micrograph of immunocytochemically stained samples. FSP and
AMBN staining appeared to co-localise to some AM-1 cells in the GF + AM-1 co-culture models. Represen-
tative images of n = 3. Scale bar 25µm.
Furthermore, AM-1 cells which stained for FSP remained morphologically AM-1-like (rounded), whereas all
fibroblasts stained with FSP were fibroblast-like with an elongated morphology.
In order to confirm that the AM-1 cells which stained for FSP indeed were AM-1 cells, and not in fact
fibroblasts, the cells were stained for both the AM-1-specific AMBN and FSP. A close-up of a representative
sample is seen in fig. 5.23.
For samples which were stained with a double FSP and AMBN stain, the two stains co-localised to the
cells, as seen in fig. 5.23, indicating that these were indeed AM-1 cells rather than migrated GF cells.
5.13.3 Fibroblast activation protein
As AM-1 cells appeared to take on a more fibroblast-like phenotype in co-cultures as seen in fig. 5.22C, the
constructs were also stained for the tumour-associated fibroblast marker fibroblast-activation protein (FAP),
which indicates an increased likelihood for tumour-associated fibroblasts, and correlates with an increased
aggressiveness of tumours.
This was done primarily in order to assess whether this stain was appropriate to distinguish GF and AM-1
from each other in the co-cultures (as this was not possible with the FSP stain above), and additionally to
assess whether the co-cultures induced a ‘malignant’ transformation in the AM-1 cells in the co-cultures.
AM-1 cells in the single cell type control samples and in the GF + AM-1 co-cultures on day 7 were not,
as expected, stained for FAP (fig. 5.24A and B), although it should be noted that the AM-1 cells in fig. 5.24B
stained for FSP on day 7 of co-culture.
However, AM-1 cells on day 14 of co-culture were stained for both FSP and FAP as seen in fig. 5.24C. AM-1
cells normally grew in a characteristic cluster formation both on tissue culture plastic, as well as inside the
collagen scaffolds. However, AM-1 cells in co-cultures which stained for both FSP and FAP were found not
to remain in clusters throughout the 14-day co-culture time. These cells also appeared larger in size with
larger nuclei and cytoplasms than ‘normal’ AM-1 cells throughout culture time. Not all AM-1 cells in these
samples were stained for FAP.
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Figure 5.24: Confocal micrographs of immunocytochemically stained samples. Green staining = fibroblast
surface protein (FSP), red staining = fibroblast activation protein (FAP). A) AM-1 cells in single cell type
control cultures on day 14 did not stain for either FSP or FAP. B) AM-1 co-cultures did not stain for FAP
(red) on day 7, but some FSP staining was seen. C) AM-1 cells in GF + AM-1 co-cultures on day 14 stained
for both FSP and FAP. D) GF control samples only stained for FSP on day 14, no FAP staining was seen. E)
GF cells in co-culture did not stain for FAP on day 7. F) GF co-cultures on day 14 stained for FSP but not
FAP. Representative images of n = 3. Scale bars = 50µm.
As no FAP staining was seen in the single-cell type controls, or at the day 7 time-point, this effect was
probably due to prolonged co-culture with fibroblasts.
It is not known why the day 7 co-cultured AM-1 samples seen in fig. 5.22B did not stain for FSP, whereas
the AM-1 cells on day 7 in fig. 5.24B did stain for FSP. One possible explanation could be the that the AM-1
cells in the latter samples had been kept in culture for cell expansion for one week longer. This may have
caused the cells to accumulate a mutation which enabled FSP expression in the latter samples.
As seen in fig. 5.24, there was no FAP staining (red) present in the fibroblast part of the models at any time
point analysed, as these only stained green with FSP in the control samples (fig. 5.24D), as well as on both
day 7 (fig. 5.24E) and day 14 (fig. 5.24F) of co-culture.
5.14 Main findings and discussion
The initial aims of this chapter were to incorporate and maintain gingival fibroblasts within the compressed
collagen scaffolds. The main findings from this part of the experimental process were:
• The remodelling and contraction of the scaffolds caused by the fibroblasts necessitated further develop-
ment of the fibroblasts scaffolds, which was achieved by carrying out a contraction assay to determine
the suitable cell number as well as by adding Matrigel to the scaffolds.
• The culture of gingival fibroblast cells in the 3D collagen constructs showed that the cells experienced
a complex environment, which supported their growth and proliferation but which they were also able
to remodel over culture time.
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The soft tissue collagen-Matrigel scaffolds developed were considered biomimetic due to the scaffold
composition, which was mainly collagen but also other ECM factors such as laminin, which was added to the
scaffolds in the form of Matrigel. The compression process made the scaffolds more biomimetic by making
them stiffer, and mechanical testing indicated that the scaffolds were mechanically similar to native gingivae.
The choice of cell type within these models, i.e. gingival fibroblasts, further made the scaffolds gingiva-like.
Once the GF scaffolds were added to co-culture with AM-1 cellularised gels, the soft tissue co-culture con-
structs were analysed. The following results were obtained using these novel organotypic scaffolds:
• Gene expression analysis revealed that AM-1 cells in co-culture upregulated the expression of MMP-2
in the models.
• MMP-2 expression was also confirmed using immunocytochemistry, where MMP-2 staining increased
in the AM-1 clusters and some single AM-1 cells over co-culture time.
• AM-1 did not significantly increase expression of MMP-9 when in co-culture, and in fact the majority
of the MMP-9 expression found in the co-cultures was in the GF part of the constructs.
• These results indicated that MMP-2 activity seen in the AM-1 part of the scaffolds is essential for the
tumour cells and their proliferation.
• Invasion was assayed using the Cell Tracker stain. However, due to the short time allowed for this assay
using these cells, very little invasion was seen in any of the models.
• Furthermore, the results shown here indicated that AM-1 cells in this model took on a more fibroblast-
like phenotype and expressed fibroblast-associated factors (FSP and FAP) after 7 days in co-culture.
Hydrated collagen gels have been shown to undergo contraction during culture due to the forces exerted
on the collagen fibres by cells within the scaffolds (Szot et al., 2011; Brown, 2013). Keratinocytes in collagen
matrices have been shown to generate forces (Wall et al., 2009), and fibroblasts in non-compressed collagen
scaffolds have been reported to contract (Brown and Phillips, 2007; Brown, 2013; Chaudhry et al., 2013).
Free-floating, hydrated collagen scaffolds seeded with 2 x 106 chondrocytes have been shown to contract
up to 55% over 12 days of culture (Galois et al., 2006). Additionally, cell induced contraction is often seen
in soft, non-compressed hydrogels, and only small changes in the construct shape have been seen by others
(Brown, 2013). Fibroblasts in compressed (stabilised) collagen constructs have not previously been docu-
mented to cause significant contraction of the collagen matrix.
The largest cell-induced contraction during contraction studies commonly occurs early (within 72h of seed-
ing) in the construct culture time (Brown, 2013). However, as presented here, the largest decrease in construct
size was seen between days 11 and 13 of culture in the samples with 50,000, 70,000 and 120,000 cells. As
different fibroblasts appear phenotypically different depending on their in vivo growth environment, it can
be assumed that different fibroblast types may also behave differently when contracting collagen gels, with
CHAPTER 5. DEVELOPMENT OF AN IN VITRO SOFT TISSUE AMELOBLASTOMA MODEL 178
gingival fibroblasts appearing to be a particularly contractile fibroblast type.
Both the spatial localisation of the two cell types as seen in Live/Dead stained samples (fig. 5.17) and the
increase in MMP-2 levels seen in the AM-1 and the interface parts of the models (fig. 5.14) indicated that
the AM-1 cells were interacting with the GF cells in these co-cultures. The MMP-2 data seen here is in line
with recent histological data, where MMP-2 was reported to be over-expressed on the edges of ameloblas-
toma tumours (Ribeiro et al., 2009). The authors postulated that this may have been due to invasion to the
surrounding tissue by the ameloblastoma tumour (Ribeiro et al., 2009).
AM-1 cells secreted MMP-2 to the scaffolds in the presence of gingival fibroblasts, while no staining was
seen in AM-1 cells in collagen scaffolds on their own. The results from the Cell Tracker study indicated that
the ameloblastoma tumour cells did not invade the surrounding tissue-engineered gingival model; at least not
during the short time frame allowed by the assay. Further experiments with acellular gels for the AM-1 cells
to invade to could be used to further study their invasion in the soft-tissue models, and to ascertain whether
the lack of invasion as seen here was due to the presence of fibroblasts in the other part of the model or due to
the non-invasive behaviour of the ameloblastoma cells. As no extensive invasion was seen in any part of the
co-culture models, although some cell-to-cell contact was visible, the increase in MMP-2 indicated that AM-1
cells appeared to use MMP-2 locally to break down the ECM to enable proliferation and a larger cluster size.
The use of MMP-2 to aid local invasion has been postulated by other groups investigating ameloblastoma
(Gomes et al., 2010), and the results presented here appear to confirm this.
MMP secretion from tissue-engineered scaffolds has been found to be mechanosensitive, i.e. the scaffold
stiffness changes the amount of MMP secreted by the cells in it (Karamichos et al., 2007). The stiffness
of gingivae has been measured as 19.75 ± 6.20MPa (Goktas et al., 2011), whereas the average acellular,
non-mineralised collagen scaffold stiffness in this study was measured as 14.71 ± 1.348MPa. This relatively
similar scaffold stiffness indicates that these organotypic models were a mechanically suitable gingival envi-
ronment for ameloblastoma modelling.
In ameloblastomas, increased levels of MMP-9 have previously been detected using immunohistochem-
istry and gene expression techniques (Qian and Huang, 2010), which the MMP-9 data presented here agrees
with, as a large amount of MMP-9 expression was found in the AM-1 part of the soft tissue co-culture models
at the later time points in co-culture.
AM-1 cells appeared to become more fibroblast-like and ‘aggressive’ with increasing culture time in co-
culture with GF cells and expressed both FSP and FAP. Specifically, some AM-1 cells in co-culture were seen
to express FSP by day 7 in culture, with FSP expression also seen on some AM-1 clusters by day 14. As the
Cell Tracker study indicated, no migration from the fibroblast part of the co-culture models to the AM-1 part
was seen in 5 out of 6 samples examined, which in turn indicated that the FAP stained cells were AM-1 cells,
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not fibroblasts. Instead, the increase over time in FSP staining as well as FAP staining in some AM-1 cells
indicated a potential for a more malignant transformation (endothelial-mesenchymal transition, EMT) within
these co-culture models.
As for the bone-like co-culture models, this soft tissue co-culture model developed during this project
could also be used for high-throughput characterisation of different ameloblastoma tumour types. Addition-
ally, the soft tissue model presented here could be used for screening of potential therapeutic compounds to
be used clinically in cases where the ameloblastoma tumour has invaded the surrounding soft tissues. Based
on results presented here, the effectiveness of Doxycycline in reducing AM-1 cell growth was assessed in
chapter 6.
Chapter 6
Application of potential therapeutic
agents to the organotypic models
This chapter considers one of the practical applications of organotypic tumour models. In addition to analysing
the behaviour of the incorporated tumour cells within their in vitro organotypic constructs, and measuring
factors such as changes in gene expression, invasion and cell-cell interactions, as described in the previous
chapters, organotypic models are also more representative than 2D cell cultures when it comes to in vitro test-
ing and screening of potential therapeutic agents. Therefore, in the last part of this study, a therapeutic agent
was applied to each of the models in an attempt to reduce the growth of AM-1 cells within the co-cultures.
Ideally, in order to preserve as much as possible of the surrounding, healthy tissue architecture in the vicinity
of the tumour tissue, the other cell type in the co-cultures should be minimally affected by the addition of the
therapeutic agent.
Based on the bone turnover data obtained in chapter 4, and specifically the increase in bone-resorbing and
osteoclast-activating factor RANKL in the models, the therapeutic agent alendronate (ALN) was applied to
the bone-like co-culture models. The increase in RANKL indicated an attempt by the AM-1 cells to upregu-
late bone resorption. ALN is currently used clinically for osteoporosis treatment and for other diseases, where
there is an upregulation of bone resorption.
The therapeutic use of developing the soft tissue co-culture models lies in that ameloblastoma invasion
into the soft tissues surrounding the original tumour site also requires excision of these tissues.
Based on the data presented in chapter 5, where MMP-2 was found upregulated in the AM-1 parts of the
scaffolds and potentially used by the AM-1 cells for local invasion and cell growth, Doxycycline (Dox) was
added to the soft tissue models. Dox is a clinically available therapeutic agent of the tetracycline family, and
a known MMP-inhibitor at low concentrations. Tetracyclines have been widely used in treatment of diseases
with matrix destruction, and their efficacy is related to local MMP inhibition (Liu et al., 2003). A study carried
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out by Liu et al found that in aortic smooth muscle cells, a 5µg/ml dose of Dox resulted in a 37% decrease in
MMP-2 secretion, whereas a 97% decrease in MMP-2 levels was achieved with 20µg/ml (Liu et al., 2003).
6.1 Summary of methods
Alendronate (ALN) was applied to both HOS + AM-1 and HOB + AM-1 co-culture models. The results of a
brief cytotoxicity study on AM-1 and HOS cells, which guided the concentration of ALN used, can be found
in appendix B (fig. B.11). A cytotoxicity study was also carried out here by applying Dox on GF and AM-1
cells, and the results can be found in appendix B (fig. B.12); this guided the amount of Dox used.
ALN was applied to the HOS + AM-1 and HOB + AM-1 co-cultures every 1-2 days for a total of six times
through the 14 day culture period. The concentrations tested were 10nM and 100nM.
Dox was applied to the GF + AM-1 co-cultures every 1-2 days throughout the 14 day culture period. The
concentrations used were 10 and 20µg/ml.
Additionally, ALN on HOB + AM-1 and Dox on GF + AM-1 was tested on more established tumour models.
For these established models, constructs were co-cultured for 7 days in a repeat experiment to allow AM-
1 cells to proliferate - and, importantly, to form the characteristic clusters in the collagen scaffolds for an
improved tumour model. After 7 days in culture, ALN and Dox were applied to the models every 1-2 days
for the remaining 7 days of co-culture. Based on earlier results, 10nM and 100nM of ALN and 10µg/ml of
Dox was used for the established models.
For all bone-like co-cultures, cell viability was measured using the Cell Titre Glo assay and constructs were
stained using Live/Dead staining. Gene expression after ALN application was measured in HOB + AM-1 co-
cultures. Cell viability in the soft tissue models was measured using Cell Titre Glo, and immunocytochemistry
was carried out on all scaffolds to detect changes in MMP2, FSP, FAP, AMBN and OPN expression.
6.2 Application of Alendronate to the bone-like co-culture models
6.2.1 Cell survival in HOS co-cultures after ALN application
Cell survival in control samples and ALN-treated samples as measured using Cell Titre Glo is visualised in
fig. 6.1. The results for all treated samples and conditions are shown as a percentage of day 1 values to better
illustrate changes in cell viability over culture time.
Significant differences in cell viability were found in some of the samples when comparing the treated co-
cultures with the corresponding control samples in fig. 6.1. A statistically significant increase in cell number
was seen in the AM-1 + 10nMALN samples compared to the AM-1 co-culture controls on day 4 (p 0.0001)
and day 14 (p  0.01).
Indeed, the cell numbers in the 10nM ALN-treated co-culture models appeared to increase, with a statistically
significant increase seen in both the AM-1 and IF parts of the co-cultures. An increase in cell viability on day
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Figure 6.1: Cell viability as measured using the Cell Titre Glo assay in constructs on days 4 to 14 with
Alendronate added at a concentration of either 10nM or 100nM every 1-2 days. Cell viability is seen here as
a percentage of total cell number measured in the constructs on day 1 of culture. In the co-cultures treated
with 10nM ALN, cell viability appeared to increase in the AM-1 co-culture parts on days 4 and 14 (p 0.01),
and the IF part on day 4. However, in the 100nM Alendronate-treated condition, there was a statistically
significant decrease in cell number seen in the AM-1 part of the constructs on days 7, 11 and 14 (p0.0001).
HOS cell viability appeared unaffected. Cell numbers were normalised to day 1 values and are expressed here
as a percentage to visualise the change in viability. Error bars = 95% CI, n = 6, 2-way ANOVA, significance
levels as indicated by asterisks are: * = p  0.05, ** = p  0.01, **** = p  0.0001.
4 in IF + 10nM ALN was seen when compared to the IF control (p  0.0001). Overall, the results in fig. 6.1
indicated that in the co-cultures treated with 10nM ALN, cell viability was increased and proliferation was
in parts even faster in the ALN-treated samples than in the controls. HOS cell proliferation in this treatment
group appeared similar to the co-culture controls. The plateauing of HOS cell number within these constructs
was thought to be due to the longer time these cells had already been kept in collagen culture for.
No such increase in AM-1 cell viability was seen in samples treated with 100nM ALN. Cell viability in
the HOS + AM-1 co-cultures was found to significantly decrease in the 100nM ALN-treated AM-1 model
parts on days 7, 11 and 14 of co-culture as seen in fig. 6.1 (p  0.0001), when compared to the co-culture
controls. Overall, HOS cell viability did not appear to be affected by ALN application.
However, an increase in cell viability was seen in the IF region on days 4, 7 and 14 in the 100nM ALN-treated
samples when compared to the control samples (p  0.0001).
Overall, cell viability in both the single-cell type controls, co-culture controls and the 10nM ALN-treated
samples appeared broadly similar. It should be noted that the cells in the co-culture control samples prolifer-
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ated much faster than in the single-cell controls in the AM-1 cultures (p  0.01).
However, even though a reduction in AM-1 cell viability was seen, cell numbers measured in the samples
with 100nM ALN were still approximately 150% of cell numbers measured in day 1 constructs (which the
readings were normalised to), indicating the presence of abundant viable cells.
Live/Dead staining of the co-culture models after ALN application was carried out only on models with
100nM ALN added based on the significant results in the previous experiment. As seen in fig. 6.2, a large
increase in dead (red staining) and dying cells (green staining with granular cytoplasms) in the AM-1 part of
the samples treated with 100nM ALN was observed. An increase in cell death was seen in samples examined
on both days 7 (fig. 6.2C) and 14 (fig. 6.2G) of co-culture, with increased numbers of dying cells particularly
seen at the edge of the tumour clusters (fig. 6.2H). AM-1 clusters on day 7 appeared larger but more dispersed
in the ALN-treated samples than in the control samples (fig. 6.2E). This reflected the still viable AM-1 cells
in these constructs seen in the Cell Titre study in fig. 6.1.
HOS cells appeared to proliferate throughout culture time as visualised in fig. 6.2. However, although
mostly alive, the cells in the day 7 samples appeared rounded (fig. 6.2L), indicating a potential reduction
in cell viability. Cell death also appeared increased in the HOS parts of the scaffolds, with abundant dead
or dying cells seen on both time points. No increase in HOS cell death was seen in the ATP study in fig.
6.1. Dying cells were especially abundant in the day 14 HOS samples, where many stained green, but with
granular cytoplasms, indicating apoptosis (fig. 6.2P).
HOS cells in the controls appeared mostly alive, with rounded cells seen on day 7 and slightly elongated cells
on day 14. None of the control samples appeared confluent by day 14. Indeed, both HOS and AM-1 cells
in the samples treated with ALN appeared to have proliferated more in co-culture than the untreated control
samples.
6.2.2 Cell survival in the HOB co-cultures after ALN application
Alendronate was subsequently also added to the HOB + AM-1 co-culture models to validate the results ob-
tained with the HOS + AM-1 co-cultures. The experiment was carried out both in co-cultures to which ALN
was added on day 0 of co-culture, i.e. immediately after co-culture assembly, as well as to co-cultures which
had been incubated for 7 days prior to ALN addition, in order to create a more established tumour model.
The results for HOB + AM-1 viability when ALN was added to the co-cultures for 14 days from day 0 of
co-culture are visualised in fig. 6.3. When comparing the HOB control samples with HOB cells in co-culture
with added ALN, there was a significant decrease in HOB viability in the HOB + 10nM ALN and the HOB +
100nM ALN samples on day 5 (p  0.001) and on day 14 (p  0.01), as seen in fig. 6.3.
AM-1 cell viability in the 10nM ALN-treated samples was not significantly different compared to the co-
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Figure 6.2: Live/Dead confocal micrographs of HOS + AM-1 co-culture models after Alendronate addition.
Here, models without ALN and with 100nM ALN are shown. The samples with added ALN are shown in
three separate columns (Live / Dead / Merged) to better distinguish dead and live cells at the two time points.
Live cells were stained green and dead cells were stained red. Very few cells were seen to be dead or dying
in the untreated control samples at either time point. An increased number of dead cells were visible in the
AM-1 parts of the scaffolds treated with ALN. Representative images of n = 3. Scale bar = 50µm.
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Figure 6.3: Cell viability in HOB + AM-1 co-culture controls and constructs treated with 10nM and 100nM
ALN as measured using the Cell Titre Glo assay. Cell viability in the AM-1 part of the control samples
increased over time. Statistically significant decreases in AM-1 cell viability were seen in both ALN-treated
conditions by day 14. In the samples treated with 100nM ALN, there was an initial increase in cell viability,
with AM-1 cell numbers increasing on days 10 and 14. A large increase in cell viability was also seen in the
interface region in the 10nM ALN-treated sample compared to the co-culture controls. HOB viability in all
samples with and without ALN was relatively equal. Cell viability values are shown here as a percentage of
day 1 cell number. N = 3, 2-way ANOVA, where ** = p  0.01, *** = p  0.001, **** = p  0.0001. Error
bars = 95% CI.
culture controls on days 5 or 10, but a significant decrease in cell viability was seen on day 14 (p  0.0001).
There was a significant increase in AM-1 cell viability in the 100nM ALN-treated samples on days 4 and 10
(both p  0.0001). However, on day 14, there was found to be a significant decrease in AM-1 viability in the
100nM ALN-treated samples when compared to the control samples (p  0.0001).
Interestingly, a large and statistically significant increase in cell viability was seen in the interface part of the
models treated with 10nMALN at all time points (p 0.0001). A similar increase was not seen in the samples
treated with 100nM ALN, with cell viability significantly reduced in the IF part of the 100nM ALN-treated
co-cultures on days 10 and 14 (p  0.01).
These constructs were also viewed using Live/Dead staining to visualise the effect addition of ALN had
on the cell viability in the samples. Control samples from the HOB part of the cultures (fig. 6.4A, C) and the
AM-1 part (fig. 6.4B, D) were mostly alive (green) and appeared to have proliferated on both days 7 and 14
of co-culture. HOB cells appeared elongated and evenly spread out throughout the constructs. AM-1 cells
appeared in their characteristic clusters.
When alendronate was added to the co-cultures, HOB cell viability was reduced in the 10nM ALN samples
(fig. 6.4E, G), and the cells appeared less elongated on day 7 (fig. 6.4E). There was an increased number of
dead (red) cells seen on day 14 (fig. 6.4G).
AM-1 cells treated with 10nM ALN appeared slightly more confluent than in the control on day 7 (fig. 6.4F),
with a notable increase in both cell number and cluster size by day 14 (fig. 6.4H). There was cell death seen
in the HOB parts of the constructs by day 14, and the live cells had become rounded (fig. 6.4G), indicating
reduced cell viability in these treated constructs.
In the samples with the higher concentration of ALN added, HOB cells on day 7 (fig. 6.4I) appeared more
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Figure 6.4: Live/Dead staining of cells in HOB + AM-1 co-cultures on days 7 and 14 with added Alendronate
(ALN). A-D) Control samples where both HOB cells (A, C) and AM-1 cells (B, D) were mostly alive (green)
and proliferating. E-H) Co-cultures with 10nM added ALN. Here, HOB cell viability was reduced, and the
cells appeared less elongated on day 7 (E). There was some cell death (red) seen by day 14, and the live cells
had become rounded (G). On day 7 (F), AM-1 cells in treated samples appeared slightly more confluent than
in the control, but by day 14 (H), they have increased in number and cell cluster size. I-L) Co-cultures with
100nM ALN added. Here, HOB cells on day 7 (I) appeared to increase proliferation compared to the 10nM
treatment group, and by day 14 (K), there were approximately the same number of cells seen as in the control
(C), albeit with a few more dead cells. AM-1 cells in this experimental group appeared to have proliferated
on day 7 (J) and reached confluency within the scaffold by day 14 (L). Representative images of n = 3. Scale
bars = 100µm.
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Figure 6.5: Cell viability in HOB + AM-1 controls and ‘established’ tumour models treated with 10nM
and 100nM ALN. Cell viability increased over time in the co-culture samples, but there was a significant
reduction in AM-1 cell viability seen in the samples treated with either 10nM or 100nM ALN (p  0.0001).
Cell numbers in both the IF and HOB parts of the co-culture constructs in both ALN-treated groups also
appeared significantly reduced. N = 3, 2-way ANOVA, where **** = p  0.0001 compared to the co-culture
control values. Error bars show the 95% CI.
numerous than in the 10nM condition, and by day 14 (fig. 6.4K), there was approximately the same number
of HOB cells seen as in the control (fig. 6.4C), albeit with a few more dead cells. AM-1 cells in this experi-
mental group appeared to have proliferated on day 7 (fig. 6.4J) and reached confluency within the scaffold by
day 14 (fig. 6.4L). In both sets of AM-1 samples with 100nM ALN (J and L), some cell death was seen, but
this could be attributed to the confluent 3D culture and large cluster sizes, which may have led to cells in the
middle lacking nutrients.
Finally, ALN was also added to established models throughout the last week of HOB + AM-1 co-culture.
The results of a viability assay are shown in fig. 6.5. There was a significant decrease in cell viability seen in
the HOB parts of the constructs in both 10nM and 100nM-treated samples compared to the control co-cultures
(all p  0.0001). There was also a significant decrease in cell number seen in the 10nM and 100nM ALN-
treated AM-1 parts of the constructs when compared to the large cell numbers seen in the control co-cultures
(all p  0.0001).
Cell viability in the interface part of the co-culture constructs appeared similar in both the treated samples,
and was reduced compared to the controls (all p  0.0001).
However, despite the reduction in cell viability compared to the untreated control samples, there was still an
overall increase seen in the AM-1 cells in the 100nM ALN-treated samples between the two time points, and
the cell numbers in the 10nM ALN-treated samples appeared similar on both days. This indicated that there
were viable cells still present within these constructs despite ALN treatment.
Indeed, when the treated samples were visualised using Live/Dead staining (fig. 6.6), most AM-1 and
HOB cells were alive after ALN application on days 10 (d7 + 3) and 14 (d7 + 7) of culture. Overall, HOB
cells appeared less healthy in the models with added ALN, and there was an increase in dead or dying cells in
the treated scaffolds (fig. 6.6E, G, I and K). On day 14, in both sets of samples treated with ALN (fig. 6.6G,
K), there were more HOB cells seen than in the untreated control samples.
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Figure 6.6: Live/Dead assay and confocal micrographs on HOB+AM-1 co-cultures on days 10 and 14 of
co-culture. Alendronate was added to the HOBAM co-cultures when these were ‘established’, i.e. 7 days
after co-culture assembly. ALN was added at two concentrations, 10nM and 100nM. Controls showed an
increase cell numbers in the AM-1 (A, C) and a slight increase in HOB (B, D) populations of the co-cultures
(live cells = green), with few dead cells (red). However, AM-1 cells appeared to have proliferated more in
the samples with added ALN on both days 7 (F, J) and 14 (H, L), with the most viable AM-1 cells seen in
the 100nM ALN-treated samples on day 14. Similarly, in the 10nM ALN samples, HOB cell number also
appeared increased (G), whereas in the 100nM ALN-treated samples (K), HOB cell viability appeared similar
to the control samples (C). Representative images of n = 3. Scale bars = 100µm.
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Dead or dying cells were commonly seen in the middle of AM-1 cell clusters at the later time point (fig.
6.6H, L). However, the AM-1 cell population within the treated samples appeared largely alive. On day 14,
AM-1 cells in the constructs treated with 100nM ALN (fig. 6.6L) appeared more confluent and less clustered
together than the cells in either the control samples (fig. 6.6D) or the other treated samples (fig. 6.6H).
6.2.3 Immunocytochemistry on ALN-treated bone-like co-cultures
Fibroblast surface protein
When AM-1 cells were co-cultured with GF cells in the soft tissue models for 14 days, AM-1 cells were found
to express the fibroblast markers FSP and FAP as detailed in sections 5.13.2 and 5.13.3. Based on this data
FSP staining was carried out on HOS + AM-1 co-cultures. Initially, some single AM-1 cells in the co-cultures
were found to express FSP as seen in fig. 6.7. However, when ALN was added to the HOS + AM-1 models,
expression of FSP appeared to increase, initially especially in the unclustered AM-1 cells as seen in fig. 6.7.
By day 14, AM-1 cell clusters were also found to express FSP, in addition to the already FSP expression seen
on unclustered AM-1 cells (fig. 6.7). Overall, FSP expression by AM-1 cells grown in co-culture with HOS
cells was observed to a lesser extent than in the fibroblast co-cultures.
When AM-1 cells in HOB + AM-1 co-cultures were examined for expression of FSP, no expression was
seen on either day 7 or day 14 of co-culture as seen in fig. 6.8.
Fibroblast activation protein
Furthermore, AM-1 cells grown in co-culture with HOB cells did also not express FAP on either day 7 or day
14 of co-culture (fig. 6.8). Any FAP staining would have appeared in red on these cells, but no red staining
was seen at either time point examined.
HOS + AM-1 co-cultures were not examined for FAP staining in this study.
The lack of FSP and FAP staining at both time points examined in the HOB + AM-1 co-cultures therefore
indicated that the fibroblast-like staining of the AM-1 cells in both the HOS and the GF co-cultures was due
to the co-culture environment and the presence of the other cell type.
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Figure 6.7: AM-1 cells in HOS + AM-1 co-culture models on days 7 and 14 with and without added ALN
stained for fibroblast surface protein (FSP, green) and nuclei (red). AM-1 cells stained for FSP both with and
without added ALN on both day 7 and 14 of co-culture. FSP staining appeared to increase with increasing
co-culture time. Initially, single AM-1 cells were stained for FSP, but by day 14 even AM-1 clusters with
added ALN were expressing FSP. Representative images of n = 3. Scale bars = 50µm.
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Figure 6.8: HOB + AM-1 co-cultures on days 7 and 14 stained for fibroblast surface protein and fibroblast
activation protein. Nuclei were counterstained red when staining for FSP (top) and green when staining for
FAP (bottom). Top row: No fibroblast surface protein staining (green) was visible AM-1 cells co-cultured
with HOB cells at either time point examined. Bottom row: No fibroblast activation protein staining (red)
was visible in AM-1 cells co-cultured with HOB cells on days 7 or day 14. Representative images of n = 3.
Scale bars = 50µm.
6.2.4 Gene expression in HOB + AM-1 co-culture models after ALN application
Gene expression analysis was also carried out on the HOB + AM-1 co-cultures on constructs which had been
treated with ALN to investigate whether any changes in gene expression took place due to the treatment.
RANKL
RANKL, which was previously shown upregulated in both HOS + AM-1 and HOB + AM-1 co-cultures,
was examined in ALN-treated HOB co-culture samples. RANKL expression levels in the HOB part of the
constructs were found not to be significantly different at either time point in the control compared to the
treated samples. However, a significant decrease was found in the treated AM-1 cells within the constructs
on both days 7 and 14 when compared to the co-culture controls (p  0.0001).
OPG
OPG gene expression in the ALN-treated models was also measured. OPG expression after Alendronate
treatment appeared decreased in all parts of the models tested. The only statistically significant difference
found here was between AM-1 control samples and ALN-treated AM-1 samples: OPG in the treated samples
was approximately 5-fold reduced compared to the controls (p  0.0001).
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Figure 6.9: RANKL mRNA levels in HOB + AM-1 co-culture samples treated with 100nM ALN on days
7 and 14. RANKL levels in the HOB parts of the co-cultures appeared similar in the untreated and treated
samples on both days. RANKL levels were significantly reduced in the AM-1 samples in the ALN-treated
cultures compared to the untreated controls. Error bars = 95% CI, n = 3. 2-way ANOVA, **** = p  0.0001.
Figure 6.10: OPG expression levels as measured by qRT-PCR in HOB + AM-1 co-culture samples treated
with 100nM ALN on days 7 and 14. OPG levels in AM-1 cells in ALN-treated co-culture samples were
significantly reduced compared to the AM-1 controls. No difference was found in the HOB parts of the
co-cultures. Error bars = 95% CI, n = 3. 2-way ANOVA, **** = p  0.0001.
CHAPTER 6. APPLICATION OF THERAPEUTIC AGENTS 193
Figure 6.11: NFB expression in HOB + AM-1 co-culture samples treated with 100nM on days 7 and 14.
NFB gene expression appeared unchanged with ALN-treatment in the HOB parts of the co-cultures on both
time points. Expression in the AM-1 parts was significantly reduced with both time and ALN-treatment from
a 3-fold downregulation on day 7 to a 6-fold downregulation on day 14. N = 3, 2-way ANOVA, **** = p 
0.0001. Error bars show the 95% CI.
NFB
Expression of NFB did not appear changed in the co-culture model parts after ALN application. NFB
gene expression was not found significantly different in the HOB control and the ALN-treated HOB sam-
ples. Expression was also not found significantly changed in the AM-1 control group when compared to the
treated samples on day 7 of co-culture. However, there was a significant decrease in NFB gene expression
levels in ALN-treated AM-1 co-cultures compared to the AM-1 controls on day 14 of co-culture (p 0.0001).
While it should be noted that the untreated HOB + AM-1 samples in chapter 4 and the ALN-treated HOB
+ AM-1 co-culture samples here did not have the same calibrators, and therefore cannot be directly compared,
some broad conclusions can be made:
RANKL levels in the untreated and treated HOB + AM-1 co-cultures did not appear changed, with an ap-
proximate 10-fold upregulation of RANKL seen in both the untreated and treated samples.
OPG, which was seen to be up to 100-fold upregulated in the AM-1 part of the HOB + AM-1 co-cultures
and up to 200-fold upregulated in the HOB parts in fig. 4.10, was seen around 5-fold downregulated in the
ALN-treated samples. This change could be due to the age of the HOB cells used in the two experiments
(passage number 6 in the models in chapter 4 and passage number 8 in the ALN experiments presented here),
where the increase in time on a 2D culture plate may have caused a difference in OPG expression in these
primary cells.
Similarly, NFB levels were seen to be up to 7-fold upregulated in the AM-1 parts of the co-cultures in fig.
4.14, whereas here there was a large 5-fold decrease seen in the ALN-treated AM-1 parts of the model by
day 14. However, overall, it was encouraging that gene expression of especially RANKL and its downstream
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factor NFB were seen to significantly reduce in the treated models, indicating a reduced potential for bone
resorption.
6.3 Application of Doxycycline to soft-tissue co-culture models
6.3.1 Cell viability in GF + AM-1 after Dox application
In the soft tissue models, cell viability was first assessed on constructs where Doxycycline (Dox) was added
immediately after co-culture set-up at two different concentrations, with the results shown in fig. 6.12.
Subsequently, cell viability was also measured on constructs where Dox was added after seven days of co-
culture (fig. 6.13). This allowed for AM-1 cell proliferation in the co-culture models, a more organotypic
environment and characteristic cluster formation.
AM-1 cell viability appeared slightly reduced in the co-culture control samples when compared to the single-
cell type controls at all time points measured (p  0.0001). In the single-cell type controls, GF cell viability
was relatively even throughout culture time, or even reduced over time due to the long culture time, whereas
in the co-culture controls, GF viability was found slightly increased.
Cell viability in the Dox-treated GF + AM-1 co-cultures was significantly reduced as seen in fig. 6.12. AM-
1 cell viability was reduced in all of the 10µg/ml Dox-treated conditions on days 4, 7, 10 and 14 (all p 
0.0001). In the 20µg/ml Dox-treated sample set, viability was reduced at all times in the AM-1 part of the
co-cultures (all p  0.0001), apart from the AM-1 cells on day 4, where no significant difference was found.
Cell viability in the IF region of both the Dox-treated sample sets was also significantly reduced on days
4 and 14 compared to the co-culture controls (p  0.001). Gingival fibroblast viability was not significantly
different in any of the treated or control groups on days 4, 7 and 14. On day 10, the only difference in GF vi-
ability was a significant reduction in cell number in the 20µg/ml Dox group when compared to the co-culture
controls (p  0.01). This was thought to be due to the cells already being confluent by the time Dox was
applied and the measurements were started.
A similar decrease in AM-1 cell numbers was seen when cell viability was measured in the established
GF + AM-1 models, where Dox was applied between days 7 and 14 of co-culture. The results for this study
are visualised in fig. 6.13.
Cell viability in the established GF + AM-1 tumour models was found significantly reduced in the AM-1
part of the models at all time points, when compared to the untreated co-culture models as seen in fig. 6.13 (p
 0.0001). Fibroblast viability was significantly decreased on day 7 + 3 in the Dox-treated models compared
to the untreated controls (p  0.0001), but no difference was found on days 7 + 5 or 7 + 7. There was also a
slight increase in cell viability in the interface region on day 7 + 5 (p  0.001), but otherwise cell viability in
this part of the co-culture appeared similar to the untreated controls.
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Figure 6.12: Cell Titre Glo cell viability measurements after Doxycycline application. Here, cell viability in
single-cell type controls and co-culture controls with no Dox added are shown. 10µg/ml and 20µg/ml Dox
were added to GF + AM-1 co-culture samples. AM-1 cell numbers were significantly reduced over time in
all samples with added Dox when compared to both the co-culture controls. GF cell viability was mostly
unaffected by Dox addition in the 10µg/ml treatment group, but appeared slightly reduced in the 20µg/ml
Dox-treated samples. 2-way ANOVA, * = p  0.05, ** = p  0.01, **** = p  0.0001. Error bars = 95% CI,
n = 6.
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Figure 6.13: Cell Titre Glo cell viability measurements in constructs when 10µg/ml of Doxycycline was
applied to ‘established’ AM-1 co-cultures, i.e. after 7 days of co-culture assembly. All results are shown as a
percentage of cell number compared of day 1 values. There was a significant decrease in AM-1 cell viability
in the Dox-treated samples even in the ‘established’ models. GF cell viability appeared unaffected by Dox
addition in this experimental set-up, with only a slight decrease seen on the first time point (d7 + 3). 2-way
ANOVA, ** = p  0.01, *** = p  0.001 and **** = p  0.0001. Error bars = 95% CI, n = 3.
6.3.2 Immunocytochemistry of Dox-treated GF+AM-1 cultures
Cells in the Dox-treated co-culture scaffolds were visualised using immunocytochemical staining on the GF
+ AM-1 co-cultures over 14 days.
Fibroblast surface protein
A slight reduction in the number of FSP stained GF cells was seen in the models when staining the Dox-
treated samples as seen in fig. 6.14. GF cells in both the control and treated samples appeared elongated with
elongated nuclei and remained abundant throughout the scaffolds.
Doxycycline appeared to have more of an effect on the AM-1 cells, as seen in fig. 6.14: instead of forming
the characteristic clusters as in the co-culture control samples, the cells were inhibited from doing this in the
Dox-treated samples. The single AM-1 cells stained mostly green for FSP. Similarly, in samples examined on
day 14 of co-culture, AM-1 cells stained green for FSP in all co-culture samples as seen in fig. 6.15. Again,
doxycycline appeared to reduced AM-1 proliferation and the cells were found not to have grown in clusters.
As previously noted in fig. 5.22, AM-1 cells were seen to express FSP by day 7 when in co-culture with
fibroblast cells. This was also observed in these samples.
Ameloblastin
AMBN was used as an AM-1 specific marker during this study in an attempt to distinguish the two separate
cell types from each other. There was a varying level of AMBN staining seen in the GF + AM-1 co-cultures,
with some co-cultures on day 7 showing some AMBN expression (6.14), but with no expression seen in the
day 14 samples (fig. 6.15). However, AM-1 cells in most co-cultures with GF cells appeared to not express
any AMBN, so the AMBN staining was inconsistent and was therefore not the optimal AM-1 marker. GF
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Figure 6.14: Confocal micrographs of immunostained GF + AM-1 co-cultures on day 7 of co-culture. Sam-
ples were stained with FSP (green) and AMBN (red). GF cells remained elongated and randomly oriented
with added Dox. However, Dox appeared to inhibit AM-1 cell proliferation by inhibiting their characteristic
clustering behaviour within the 3D collagen models. Representative images of n = 3. Scale bars = 50µm.
cells did also not express AMBN.
The Dox-treated AM-1 cells were not stained for AMBN as seen on days 7 and 14 in figures 6.14 and 6.15,
respectively. However, it should be noted that the cells for all ICC assays were fixed and lysed, which made
definite analysis difficult and may have had an effect on the proteins visible in these cells.
Fibroblast activation protein
In the previous chapter, AM-1 cells co-cultured with GF cells and found as single cells rather than clustered,
were seen to express FAP. In the Dox-treated GF + AM-1 co-cultures, no FAP staining was seen in any AM-1
cells, nor on any GF cells (fig. 6.16).
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Figure 6.15: Confocal micrographs of immunocytochemically stained GF + AM-1 co-culture samples. A
closer look at the AM-1 parts of GF + AM-1 co-culture constructs with and without Dox stained for FSP
(green) and AMBN (red) on day 14. No AMBN staining was seen in the single-cell type AM-1 samples, and
these cells did also not stain for FSP. AM-1 cells in co-culture stained for FSP, but only faint AMBN staining
was visible in these samples. Dox seemed to also inhibit AM-1 cell proliferation in these day 14 samples by
inhibiting their characteristic clustering behaviour. Representative images of n = 3. Scale bars = 50µm.
CHAPTER 6. APPLICATION OF THERAPEUTIC AGENTS 199
Figure 6.16: Confocal micrographs of GF + AM-1 co-cultures on day 14, where nuclei were stained green,
and any potential expression of FAP in the cells was stained red. No expression was seen in either the AM-1
or the GF cells in these co-cultures. Representative images of n = 3. Scale bars = 50µm.
Figure 6.17: Confocal micrographs of GF + AM-1 co-cultures on day 7, where MMP-2 was stained green and
EthD-1-stained cell nuclei are visualised in red. The AM-1 cells in co-cultures without Dox stain for MMP-2.
As expected, addition of Dox to the co-cultures caused a reduction in MMP-2 expressed by the AM-1 cells in
the co-cultures. Representative images of n = 3. Scale bars = 50µm.
MMP-2
MMP-2 staining was found only in the co-cultures with no Dox-treatment on day 7, as visualised by the green
staining in fig. 6.17. The MMP-2 staining on day 14 (faint green in fig. 6.18) was localised to the AM-1
clusters in the co-culture control samples. In co-cultures treated with either 10 or 20µg/ml Dox, no MMP-2
staining was detected at either time point.
GF cells in the co-cultures did not stain for MMP-2 either before or after Doxycycline application (fig.
6.17). AM-1 cells appeared to stain more strongly for MMP-2 when in co-culture with GF cells, as very
little green MMP-2 staining was seen in the single cell-type control cultures even after 14 days of culture (fig.
6.18). It is therefore possible, that the co-culture with GF cells caused an increase in MMP-2 production by
AM-1 cells.
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Figure 6.18: Confocal micrographs of GF + AM-1 co-cultures on day 14, where MMP-2 staining is seen in
green, and the nuclear counterstain EthD-1 is in red. No MMP-2 staining was seen in the single-cell type
control samples. Some MMP-2 staining was visualised on the AM-1 clusters when in co-culture with GF
cells. As expected, AM-1 which had been treated with Dox showed no MMP-2 expression on day 14 of
co-culture. Representative images of n = 3. Scale bars = 50µm.
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Doxycycline appeared to, as expected, inhibit MMP-2 synthesis in the co-culture constructs when exam-
ined on day 7 (fig. 6.17), as well as on day 14 (fig. 6.18). Furthermore, there was a noticeable reduction in
AM-1 cell clustering in the samples with Dox applied.
6.4 Main findings and discussion
3D organotypic culture models allow for improved, more in vivo-like testing of therapeutic agents. While the
main focus of this project was not to test out therapeutic agents, based on the gene expression data obtained
and the potential mechanisms and pathways involved, a therapeutic agent was applied to each model for a
brief pilot study. It should be noted that as the HOS cells are both cancerous and a cell line, and the AM-1
cells are also a cell line, further experiments on primary cells should be carried out to confirm the findings of
this chapter.
Anti-tumour agents typically passively diffuse through the tumour and the surrounding extracellular environ-
ment to target the tumour cells. Therefore, it is possible to distinguish tumour-specific killing agents from
general cytotoxic agents by using the two-cell type 3D culture model to screen for potential therapeutic agents.
Although both Alendronate and Doxycycline are widely used clinically, no data is available for their use for
treatment of ameloblastoma. However, as Dox at low doses is an anti-MMP agent, and these have previously
been shown to reduce ameloblastoma growth by inhibiting MMP production by the tumour cells (Kumamoto
et al., 2003; Zhang et al., 2010c), the effect of Dox on AM-1 cell growth in these models was also tested.
The main findings of these experiments presented in this chapter were:
• AM-1 cell viability was significantly reduced in samples treated with 100nM ALN compared to both
the single cell and co-culture controls (p  0.0001).
• In samples with 10nM ALN, the number of AM-1 cells increased over time. Cell numbers in the IF
region of these constructs remained similar to the untreated co-culture controls.
• Cell viability data for the HOB + AM-1 scaffolds indicated a statistically significant decrease in cell
number in the AM-1 cells in both treatment groups.
• Both HOS and HOB cells appeared mostly viable after ALN treatment.
• Cell death in the ALN-treated samples was particularly abundant on the edges of the tumour clusters in
the HOS + AM-1 co-cultures. This was due to a probable higher concentration of the drug at the edges
of the models and thereby the cell clusters.
• No increase in dying or dead cells was seen in the established HOB + AM-1 tumour models using
Live/Dead staining. However, a significant decrease in cell number was observed when cell viability
was measured.
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• A significant reduction in RANKL gene expression levels was seen in the ALN-treated HOB co-
cultures, indicating a reduction in osteoclastic potential.
• OPG gene expression levels were also found to decrease significantly in the ALN-treated HOB co-
cultures, indicating a reduction in osteoblast activity as a result of ALN treatment.
• NFB gene expression levels were shown to decrease in the ALN-treated HOB co-culture models over
time. NFB is a factor in the osteoclast-activating pathway, but also involved in general cell survival.
• In the HOS + AM-1 co-cultures (but not in the HOB + AM-1 co-cultures), AM-1 cells stained for FSP.
This indicated a more fibroblast-like AM-1 phenotype in the vicinity of the cancerous HOS cell line.
• Doxycycline was found to reduce cell viability in the GF + AM-1 cultures. This reduction was greater
than in the co-cultures treated with Alendronate.
• Immunocytochemical staining indicated that AM-1 cells require MMP-2 activity to form clusters, as
cluster formation appeared inhibited when Dox was added to the models.
• This clustering behaviour is essential for AM-1 survival, and with added Dox there was a decrease in
surviving AM-1 cells in the models.
RANKL levels in samples with and without added ALN appeared similar overall, which was expected
as ALN does not interfere with the OPG / RANKL pathway when regulating bone turnover as discussed in
section 1.10. The large decrease in OPG levels in the co-culture models was to be expected, as ALN is also
known to inhibit new bone formation by inhibiting osteoblast proliferation (Schott et al., 2015).
However, it is not known whether ALN is able to achieve such a marked downregulation of OPG gene ex-
pression in a relatively short time. Further studies would therefore be needed to look into more details effects
the addition of ALN may have on ameloblastoma cells, and to further probe more detailed effects it may have
on gene expression.
A reduction in AM-1 cell viability using Dox was seen in both freshly made and ‘established’ co-culture
models. The addition of Dox reduced MMP-2 levels in these co-culture models, resulting in reduced AM-
1 proliferation. This indicated that MMP-2 is necessary for AM-1 cell characteristic cluster behaviour and
blocking MMP-2 with Doxycycline disabled the mechanism AM-1 cells utilise to form clusters. MMP-2
could be used by the cells to break down the surrounding ECM, after which they use the resulting space to
proliferate.
Dox application did not appear to reduce fibroblast numbers significantly, which is encouraging from a ther-
apeutic point of view.
However, the samples which were treated for Dox were not stained for Live/Dead after Dox application, so
definite conclusions that Dox caused AM-1 cells to apoptose in greater quantities cannot be drawn; it may
only have reduced their metabolic activity as shown by the Cell Titre Glo assay. Further experiments should
be carried out with adding Dox to primary ameloblastoma cells or ex vivo tumours to assess the effectiveness
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of this potential therapeutic agent in the reduction of ameloblastoma tumour cell growth, and to compare these
findings with the results obtained here using the AM-1 cell line.
As both Alendronate and Doxycycline are clinically available and widely used therapeutic agents, these results
indicated that they could be used prior to or in conjunction with surgery to reduce the size of the ameloblas-
toma tumour or prevent it from further spreading in the soft tissues.
Overall, as Alendronate has the potential to inhibit osteoblast function as well as osteoclast-mediated bone
resorption, Doxycycline may be the better therapeutic candidate. Doxycycline was found to specifically target
the AM-1 cells within the co-cultures, although further testing is required.
Chapter 7
Discussion and future directions
A limited amount of literature had at the start of this project been published on a suitable organotypic model as
a starting point for the research presented here. Therefore, a significant amount of time had to be spent initially
developing both a bone-like and a soft tissue scaffold, which would lend themselves to the manipulation and
further analysis of the ameloblastoma tumour which was carried out during this project.
At the start of this project, much was still unknown about the molecular pathways and mutations which may
lead to the development of ameloblastoma. During this project however, great leaps forward were made by
other groups (Brown et al., 2014; Kurppa et al., 2014; Sweeney et al., 2014): high-throughput screening
allowed extensive genetic mapping of large numbers of ameloblastoma tumours, providing far more accurate
data regarding potential tumour formation, genetic causes as well as the clinical situation, than organotypic
models are able to provide.
The models developed during this project improved on previous ameloblastoma in vitro studies as detailed in
table 1.5 by being in 3D and by being co-cultures, although as AM-1 were found difficult to incorporate in the
organotypic scaffolds, they were not uniform co-cultures. Furthermore, the models incorporated the correct
proteins in the scaffolds, with collagen, laminin and other ECM factors in the soft tissue models, and the
addition of Bio-Oss to mineralise the bone-like scaffolds. The scaffolds developed also allowed for a variety
of in vitro techniques to be used on them to further set them apart from previous models. The models were
validated against both older findings regarding ameloblastoma bone resorption and MMP-mediated matrix
remodelling, as well as the more novel SMO and PTCH-1 mutations. The results obtained from the high-
throughput studies by Sweeney et al and Brown et al also provided the ameloblastoma research community
with valid drug targets, such as the BRAF pathway. Unfortunately, there was no time left during this project
to test these targets, but instead the final part of the research focussed on inhibiting local ameloblastoma
invasion.
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7.1 Discoveries in the bone-like model
There are multiple factors to consider when mimicking bone in an in vitro environment, and many ways
to achieve a bone-like scaffold in a laboratory setting. Ultimately, in order to accurately reflect the matrix
composition, mineral content and cell actions in native bone, the bone-like scaffolds during this project were
required to enable cell proliferation throughout culture time, to mineralise and to be mechanically similar to
native bone scaffolds, while being reproducible to manufacture and relatively easy to manipulate.
The gene expression and mineralisation results obtained here suggested that the bone-like environment
of the collagen + Bio-Oss scaffolds was capable of supporting mineralisation through hydroxyapatite growth
and was considered to be similar to events observed in vivo (Bitar et al., 2008; Pedraza et al., 2010). Other
osteoblast lineage factors, which could also have been used to assess mineralisation in the scaffolds include
runx2, osterix, osteocalcin or collagen type I.
Osteopontin (OPN) was used as a marker for bone cells in the co-culture scaffolds during fluorescent exam-
ination of the scaffolds and was found abundantly expressed during culture time, has previously been found
expressed early in bone-like collagen cultures (Coyac et al., 2013).
In addition to the cellular mineralisation processes, this increased mineralisation in the Bio-Oss supplemented
scaffolds was potentially further aided by ionic release from the Bio-Oss granules, which enabled faster scaf-
fold mineralisation and osteoblast function. The pores in the scaffold further provide the cells with access to
environmental cues similar to those in native bone.
Furthermore, the addition of Bio-Oss to the scaffolds was also shown to increase the stiffness of the
bone-like constructs by approximately 10-fold compared to scaffolds without Bio-Oss. The presence of cells
within the Bio-Oss collagen constructs, which were seen using histology to have mineralised the scaffold
further during culture, did not significantly affect the constructs’ mechanical properties. However, there was
still a very large difference between the Bio-Oss scaffolds and native bone in terms of mechanical properties
and substrate stiffness. The reduced stiffness of the Bio-Oss particles measured here compared to native bone,
as well as the failure of the Bio-Oss constructs observed at testing frequencies over 1Hz, could be due to one
or several of the following:
The repeated force exerted on the particles during testing may have caused the Bio-Oss particles to disinte-
grate or break, ultimately reducing construct stiffness. Scaffolds, which were initially tested with a higher
frequency, were indeed measured to have a stiffness approaching that of collagen-only scaffolds.
Bone is, like many others, an anisotropic, directional material, meaning that it has different mechanical prop-
erties depending on the direction of the force applied (Nomura et al., 2005). The bone in the Bio-Oss particles
was most likely not in the correct orientation to withstand mechanical pressure; there was no way of knowing
which way particles were oriented.
During production, Bio-Oss particles are sintered to decellularise and disinfect them. This, or another part
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of the manufacturing process, may make the granules less stiff. Other studies have found heat treatment to
change a material’s mechanical properties (Wolfenden et al., 1996).
Taken together, this reduced mechanical stiffness of the Bio-Oss granules should be taken into account in
future in vitro and in vivo studies.
The collagen scaffold enabled a cell-friendly environment which was easy to manipulate and the manufac-
turing process was repeatable. Overall, Bio-Oss particles were deemed a suitable addition for further scaffold
development, as they appeared cytocompatible, mineralised the scaffold and proved easy to incorporate in the
scaffolds, as well as to analyse.
AM-1 cell clustering, seen in biopsy samples, was used as an indicator that the AM-1 collagen cultures and
co-cultures were organotypic and a suitable environment for growing these cells and modelling the ameloblas-
toma tumour.
The organotypic bone-like co-culture model developed in the first part of this study was used to examine dif-
ferences in gene expression when AM-1 cells were cultured with cancerous HOS cells, and with osteoblastic
HOB cells, as well as AM-1 behaviour and invasion within the models.
The results from this study, especially those obtained with the HOB + AM-1 co-culture models, appear
to agree with previously published results on RANKL and OPG expression in the ameloblastoma tumours,
indicating that the organotypic models developed here are suitable ameloblastoma models. The RANKL gene
expression data was in agreement with previous publications, where 24 ameloblastoma tumour biopsies were
subjected to histological examination and gene expression analysis, and where RANKL expression was found
in all cases (Qian and Huang, 2010). Previous reports using immunohistochemical staining on histological
samples have shown a strong OPG expression in ameloblastoma, along with some RANKL and TRAIL ex-
pression, which all appeared to correlate with the reported invasive behaviour of the particular tumour in situ
(Iakovou et al., 2015).
Additionally, these findings support the theory that ameloblastoma tumour cells may use pressure absorption
to invade their surrounding bone tissue as proposed by (Imamura et al., 1990). The potential increase in bone
turnover, as seen here, could be due to the pressure by the tumour within the jaw bone leading to an increased
activation of osteoclasts, combined with a reduction in osteoblast function. This could then lead to an increase
in the level of local bone resorption, allowing the ameloblastoma tumour to increase in size and invade the
bone tissue.
Ameloblastoma staining for ameloblastin (AMBN) appears varied in the literature: some studies have
shown AMBN to be a marker for ameloblastoma cells, with positive staining of biopsies (Perdigao et al.,
2004; Crivelini et al., 2012). Cases of peripheral ameloblastoma have also been found positive for AMBN
(Kim and Lee, 2014). Other studies have not found any expression, including in the AM-1 cell line (Takata
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et al., 2000; Gomes et al., 2010; Kiyoshima et al., 2013).
Mutations to the AMBN gene have also been found in solid ameloblastoma tumours (Perdigao et al., 2004).
Indeed, the addition of full length AMBN to AM-1 cells has been found to prevent ameloblastoma growth,
which suggests that AMBN prevents odontogenic tumour formation (Sonoda et al., 2009). These results in-
dicate that AM-1 cells express little or no AM-1, and that this was again a downside of using a single cell
line; whereas previous studies have found varied AMBN expression in their varied biopsies, the AM-1 cell
line alone is not enough to study the ameloblastoma tumour.
The variability of AMBN staining in the co-culture models, with occasional AMBN staining seen in AM-
1 cells co-cultured with GF cells, but no staining found in the bone-like cultures, indeed indicates a lack
of AMBN expression in ameloblastomas and specifically AM-1 cells. This discrepancy also indicates that
AMBN should not be used as a marker for ameloblastomas of similar molecular origin as the AM-1 cell line.
The invasion of the AM-1 cells towards the HOB part of the constructs was supported by the observa-
tion that in these co-culture scaffolds, AM-1 cells appeared to proliferate faster in the vicinity of the HOB
scaffolds, which has been reported before in ameloblastoma tumour biopsies (Pinheiro et al., 2004). It is
therefore possible that the HOB cells secreted a cytokine or other chemoattractant which enabled AM-1 cell
migration. However, it was not possible to determine what this factor might have been during this study. If
this increased growth is confirmed to be similar to that taking place in in vivo tumours, these models could be
used to determine what the role of these invading AM-1 cells may be in tumour progression and prognosis,
and what mechanisms and pathways are activated during invasion.
Movement of cells is caused both by intrinsic and extrinsic factors within the ECM, with cells in gels
reacting to anything occurring within the gel environment, and many factors able to trigger movement (Brown
and Phillips, 2007). Biname et al argue that cell movement should be thought of as the default, and the more
appropriate question would be to ask why some cells remain stationary, and what mechanisms keep them
from moving (Biname et al., 2010).
Durotaxis, or cell movement towards a stiffer substrate from a less stiff matrix area (Brown and Phillips,
2007), could in part explain the movement of AM-1 cells towards the bone-like part of the co-culture scaffolds.
Furthermore, some of the movement seen towards the HOB cells in the scaffolds but not the HOS cells was
probably due to less cells present in HOB scaffolds; HOS cells were confluent and could even have released
factors to deter AM-1 movement, whereas in the HOB scaffolds cell proliferation was slower and there was
therefore space in these scaffolds.
7.1.1 Limitations of the bone-ameloblastoma co-culture models
Even though the organotypic models were carefully constructed to mimic native mineralised tissue as closely
as possible, whilst still lending themselves for manipulation, there were several limitations to the models and
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thereby the bone-like ameloblastoma co-culture studies.
The main disadvantage of both the HOS and HOB co-culture models was the lack of osteoclasts, which
could have been shown to degrade the bone-like scaffolds. Osteoclast incorporation in the models would
also have allowed these organotypic models to more closely examine the changes in bone turnover caused by
ameloblastoma cells. The increase seen in RANKL levels, originating from both cell types in the co-cultures,
may despite having the potential to activate bone resorption not actually activate osteoclasts. Therefore, using
this osteoblast-incorporating model alone, it was impossible to determine what the effect of AM-1 cells would
be on bone turnover.
The HOS cells used initially in the co-culture models are cancerous, and AM-1 cells in the models may
have been unduly influenced by this fact. For example, in addition to the very high RANKL expression levels
seen in the HOS + AM-1 co-cultures, no invasion was seen in these co-cultures, whereas abundant invasion
was seen in the HOB + AM-1 co-cultures on day 7 of culture. The fast proliferation rate of HOS cells could
have influenced this as well by leaving little space for AM-1 cells to move into in the bone-like part of these
co-cultures. Overall, the HOB co-culture results obtained were thought to be more representative of and rele-
vant to the in vivo ameloblastoma tumour.
The final scaffold constructs did not have the same proportional composition as bone; as the scaffolds
developed here were composed of significantly more collagen fibres, with a relatively homogeneous cell pop-
ulation and reduced amounts of mineral. However, the increased collagen content enabled use of confocal
microscopy to study the cells and their interactions.
Scaffold analysis was made more difficult by cell migration to the Bio-Oss pores in the scaffolds, rendering
these cells invisible to microscopic analysis as the Bio-Oss granules were opaque. Furthermore, both the
collagen fibres as well as the Bio-Oss granules were autofluorescent (at 488nm) to a degree, especially when
viewed under the fluorescent microscope, making imaging difficult. This has previously been cited as a prob-
lem in working with collagen structures and fluorescent imaging of these (Gareau et al., 2004).
It is possible that the cells within these scaffolds, due to the addition of Bio-Oss granules, effectively
ended up in a pseudo-3D environment (Brown and Phillips, 2007), where due to the large size of the pores
on the bone granule surface (up to 100µm), as well as the spaces between them, the cells were only able to
attach to the one surface thus making the cells experience a 2D environment.
7.2 Discoveries in the soft tissue model
The cell-induced contraction by gingival fibroblasts in the collagen scaffolds seen here has not been docu-
mented in compressed collagen scaffolds elsewhere. Others have suggested that the fibroblast contraction of
the matrix in free-floating collagen constructs (as used here) is in fact not due to remodelling of the scaffold,
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but due to attempts by the cells to migrate out of the scaffolds as well as within the scaffolds as they become
entangled with the collagen fibres (Grinnell, 2003; Rhee and Grinnell, 2007). However, histological exam-
ination of these scaffolds appeared to show matrix remodelling taking place, and microscopic examination
of the scaffolds and wells they were kept in appeared not to show excessive numbers of migrated cells once
Matrigel had been added to the scaffolds.
The only movement seen in these scaffolds was an increase in fibroblast directionality, as the GF cells over
time appeared to align with each other, as well as the edge of the GF - AM interface.
Cell motility within matrices has been shown to be dependent on the ease with which the substrate can be
remodelled, deformed and reorganised (Biname et al., 2010). Cell contraction expectedly produces some cell
motility within the matrix (Brown and Phillips, 2007), and localised denser areas of substrate around the cells
in question (Brown, 2013), as was also seen here using histology.
The Cell Tracker stain appeared to cause the GF cells to remain more rounded throughout culture time than
they were during other assays. There may have been other ways the staining process impacted the cells as
well, and if so, invasion may have been one of the behaviours impacted.
During this study, SMO gene expression levels were not found greatly different from the control and
calibrator samples in either type of co-culture scaffold, nor was there a significant change over time in the
co-culture scaffolds. However, it is probable that calibrator samples which included AM-1 cells were not the
optimal ones to use for qRT-PCR analysis in this study, as these could already have had high or aberrant SMO
expression. Changes in SMO expression appears to be one of the more defining features in ameloblastoma
tumours (Zhang et al., 2010b; Sweeney et al., 2014; Diniz et al., 2015).
The mechanical stiffness of soft tissue-like compressed collagen scaffolds with fibroblast cells has pre-
viously been reported as 1-2MPa (1MPa on the soft end and 2MPa at the stiff end of a graded construct)
(Hadjipanayi et al., 2009). The stiffness of soft tissue-like scaffolds as measured here was approximately
15MPa. Other collagen scaffolds have been reported to be between 1-40kPa, and with normal gingival stiff-
ness being in the region of 20MPa (Goktas et al., 2011), the scaffold here was stiffer than other similar
collagen (hydro)gels, but roughly the same stiffness as native gingival tissue, making these scaffolds more
organotypic than other collagen-based scaffolds.
Fibroblasts form the basic cellular component of the ECM, and provide the ECM with a variety of pro-
teins. However, in addition to the normal stroma, they have also been found to be a major component of
the tumour stroma, where they are known as tumour-associated fibroblasts (TAFs), carcinoma associated fi-
broblasts (CAFs), tumour stroma fibroblasts, senescent fibroblasts or myofibroblasts (Xouri and Christian,
2010). Tumour associated fibroblasts are a heterogeneous, activated fibroblast population within the tumour
microenvironment, which participate in tumour growth and invasion by remodelling the tumour microenvi-
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ronment (Kalluri and Zeisberg, 2006). Activated fibroblasts are the most abundant stromal cellular component
in tumours of epithelial origin (Veirman et al., 2014). Normal fibroblasts undergo conversion to a more acti-
vated type of fibroblast in the presence of tumour cells, but also change when stimulated by a tumour-altered
microenvironment (Hakanson et al., 2014). They are also recruited by various types of tumours to their vicin-
ity to assist with invasion and growth (Cirri and Chiarugi, 2011; Horie et al., 2012).
Ameloblastoma-associated fibroblasts (AAFs) have previously been explored in one in vitro study, which
found that AAFs increased both the proliferation and invasion of the tumour cells they were co-cultured with
(Chantravekin and Koontongkaew, 2014). If this kind of interaction is found to also occur in vivo, impeding
it may also impede tumour growth. Incorporation of a population of activated fibroblasts into these co-culture
scaffolds would be beneficial, as the ameloblastoma tumours are a heterogeneous population of cells, includ-
ing fibroblasts. This improved co-culture model could then be used both as a model for ameloblastoma and
the role of fibroblasts in expanding the tumour within the native tissue.
Markers for activated fibroblasts include FAP, FSP and vimentin (Veirman et al., 2014), and during this
study, AM-1 cells were found to express two of these by the end of two weeks in co-culture with fibroblast
cells. AM-1 cells have previously been reported to express vimentin, which is an epithelial and ameloblas-
toma cell marker (Harada et al., 1998; Sahai, 2005).
The expression of both FSP and FAP by AM-1 cells in co-culture with HOS and GF cells indicated the AM-1
cells had become more fibroblast-like and ‘aggressive’ with increasing culture time.
Human fibroblasts have been shown to be able to promote proliferation of malignant epithelial cells in cul-
ture (Bhowmick et al., 2004). Furthermore, the tumour stroma has been shown to be mechanically different,
and also displays different fibrous components and growth factors when compared to healthy ECM (Jamshidi
et al., 2008). Additionally, higher numbers of fibroblasts have been documented to be present in tumour ECM
than in physiological ECM (Kalluri and Zeisberg, 2006). As this was also the case here as abundant GF cells
were seen especially at the later co-culture time points, this could have promoted a more aggressive AM-1
phenotype.
Analysing the protein content of the collagen + Matrigel scaffolds at various time points of co-culture could
be an avenue for further research to establish what ECM factors the two cell types in the co-culture secrete
during culture, and how these might influence the other cells in the co-cultures.
FSP was also found expressed on the AM-1 cells when in co-culture with HOS cells, supporting the theory
of AM-1 cells becoming ‘activated’ or more fibroblast-like in longer term cultures, and therefore potentially
more invasive or aggressive.
Furthermore, the FSP and FAP staining seen on AM-1 cells in GF and HOS co-cultures could also indi-
cate a potential of the ameloblastoma tumours to undergo some form of endothelial-mesenchymal transition
(EMT), which is a process whereby cells of endothelial origin become more mesechymal in order to facilitate
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processes such as tissue invasion (Chen et al., 2012). EMT is seen in other oral tumours and has recently
been explored in ameloblastoma tumours with varied results, however as yet the potential role of EMT in
ameloblastomas is unknown. Several authors have made cases for potential EMT in ameloblastomas (Chen
et al., 2012; Andisheh-Tadbir et al., 2015), as well as cases against (Gonzalez-Alva et al., 2010). This phe-
nomenon, if found to be present in in vivo tumours, could ultimately aid ameloblastoma invasion in situ.
MMPs have the ability to initiate epithelial cell transformation to a more cancerous cell type. Faulty
signals from the ECM can promote cancer initiation, even in the context of normal cellular development (Co-
moglio and Trusolino, 2005). Therefore, the addition of Matrigel, even with reduced levels of growth factors,
may have facilitated the increases observed in both fibroblast-like ameloblastoma cells and MMP levels, as
Matrigel may in effect have been providing the cells with a ‘faulty’ set of signals.
Further examination of the co-cultures for various proteins involved with EMT or activation of fibroblasts
should be carried out to confirm whether either of these play a role in local ameloblastoma invasion.
↵-smooth muscle actin (SMA), vimentin,  -catenin and MMP-7 are frequently used together as markers for
EMT, as confirmed EMT cases in other tumours express these molecules (Bello et al., 2009). A loss of E-
cadherin expression, an important molecule in cell adhesion, is also an indicator of EMT (Bello et al., 2009).
SMA and  -catenin expression has also been found in the stroma of ameloblastoma samples (Bello et al.,
2009). MMP-7 has been shown to both act as a enhancer  -catenin expression, as well as aiding in the
destruction of E-cadherin in the cells on the tumour surface (Radisky and Radisky, 2010).
However, the expression of ↵-SMA and vimentin are also recognised as artefacts seen in HPV-transfected
cell lines, such as AME-1 (Pinheiro da Rosa et al., 2014), and as AM-1 was also transfected with this viral
vector, expression of these molecules should not be unexpected.
Electron microscopy could also be carried out on suspected cases of TAFs, as activated fibroblast cells have
a set of distinct morphological features, such as indented nuclei and prominent actin microfilaments, which
can help to identify these from the normal fibroblast population (Xouri and Christian, 2010).
7.2.1 Limitations of the soft tissue-ameloblastoma co-culture models
As with the bone-like co-culture models, there were several limitations to the soft tissue models. The main
limitation was that the Matrigel used in their development, although growth factor reduced, still originated
from murine sarcomas. It is therefore, at least to an extent, a tumour stroma and even the growth factor re-
duced version may have provided the organotypic model with increased, non-ameloblastoma growth factors,
which may have influenced the cells in the co-cultures. For instance, the FSP and FAP staining of the AM-1
cells in these co-cultures may have been an effect of the Matrigel in the co-cultures rather than an activated
fibroblast or AM-1 cell transformation caused by the ameloblastoma tumour.
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As only gingival fibroblast cells were used to develop this soft-tissue model, the model produced is in
effect solely a gingival tissue model. However, as ameloblastoma tumours spread to other tissues in addition
to the gingivae, so this study only modelled a small fraction of ameloblastoma recurrences. Additionally, the
ameloblastoma tumour is not only composed of the tumour cells themselves, but a large number of stromal
fibroblasts, as well as potentially tumour-associated fibroblasts recruited by the tumour cells themselves.
Adding more fibroblasts into the models and into a physical co-culture with ameloblastoma cells could further
improve the model developed here.
Additionally, fibroblasts in vivo are heterogenous in terms of cell size, proliferation rate and protein synthesis,
in both healthy and diseased tissues (Hasseil and Stanek, 1983), whereas they were relatively homogeneous
in these models, as only one type of fibroblasts was used.
Furthermore, fibroblast cells in culture have been documented to quickly change both in morphology and
genetic make-up (Mariotti and Cochran, 1990). Here, inter-experimental variation and any effects on the cells
caused by 2D culture were minimised by limiting their culture on TCP by using cells from similar passage
numbers.
Additionally, a more organotypic, in vivo-like, model could be made by incorporating both fibroblasts as
well as ameloblastoma tumour cells in collagen scaffolds at the same time. A similar study has previously
been carried out by Chantravekin and Koontongkaew (2014), where ameloblastoma-associated fibroblasts
and gingival fibroblasts were co-cultured to examine invasion.
As the tissue-like scaffold were required to be organotypic prior to the addition of tumour cells in this project,
the AM-1 cells were added as a separate scaffold to the soft tissue scaffold after a pre-culture period. As with
the bone-like model, it was difficult to incorporate the AM-1 cells to a pre-made soft tissue scaffold, e.g. by
injecting the AM-1 cells into the scaffold. Therefore the approach with the two distinct scaffolds was used,
although this consequently makes the models less in vivo-like.
7.3 Testing of potential therapeutic agents
A previous study suggested that treating cells with lower ALN concentrations induced osteogenic differenti-
ation in stem cell cultures, whereas higher ALN levels were cytotoxic and inhibited osteogenesis (Alqhatani,
2014). Therefore, this study also used lower ALN concentrations so as to limit the damage on the bone cells
within the models.
Alendronate significantly decreased AM-1 cell viability as seen both by using a cell viability assay in both
HOS and HOB co-culture models as well as the ‘established’ HOB + AM-1 models. Some dead or dying
cells were also seen in the bone-like part of the models, especially in the HOB scaffolds, but to a lesser extent
than the AM-1 tumour cells.
Bisphosphonates have been shown to suppress endothelial cell growth in vitro and to induce endothelial cell
apoptosis in in vivo studies (Kearns et al., 2008). Therefore it was not surprising that the AM-1 cells appeared
to be affected by the addition of ALN to the co-culture models.
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Doxycyclines have been extensively studied and used to treat a variety of diseases with high MMP activity
(Stechmiller et al., 2010). Therapeutic agents from this group have also been used clinically for oral diseases
such as periodontitis (Gorska and Nedzi-Gora, 2006) and oral squamous cell carcinoma (Shen et al., 2010).
Doxycycline addition to the models resulted in a large reduction in AM-1 cell numbers in both the constructs
where Dox was added immediately upon co-culture assembly, as well as in the ‘established’ tumour models,
where cell viability was again reduced through the reduction of MMP levels in these co-culture models.
Previous studies have used MMP inhibitors (MMPIs) as potential therapeutic agents (Zhang et al., 2010c).
This could also have been attempted during this study. However, MMPIs are cytostatic rather than cytotoxic,
which means that results such as a reduction in tumour size may not be achieved using these drugs (Curran
and Murray, 2000). However, achieving dormancy of tumour cells or metastasis (quiescent phenotype) may
be an acceptable therapeutic outcome (Curran and Murray, 2000).
Additionally, the cells in these models were only subject to treatment with the therapeutic agents for a
maximum of 14 days. A 14-day treatment time for both the ALN and Dox-treated co-cultures was relatively
short. Further scaffold development to allow for longer time-point studies would be required.
Drug distribution is a challenge with organotypic models, as 3D models display different drug kinetics
and diffusion properties to drugs applied purely in 2D cultures, and it presents a major difficulty in translation
from primary cell research to functioning therapeutics within pharmacology (Astashkina and Grainger, 2014).
During the studies of this thesis, neither ALN nor Dox diffusion throughout the constructs was measured, so
there may have been parts of the cultures where the drug concentration was low, which could have contributed
to the increase in AM-1 number seen in some of the treated models. There was a noticeable increase in cell
death at the edges of the ALN-treated AM-1 tumour clusters, which was thought to be due to a potentially
higher ALN concentration at this location. This may be something to probe further, both to ensure uniform
drug distribution, and that some therapeutic agent is left to treat tumour cells deeper inside the tumours.
Furthermore, cell-adhesion mediated drug resistance (CAM DR) (Hakanson et al., 2014) has been re-
ported as an issue with 3D and in vitro pharmaceutical studies. CAM DR is a protective effect, which is
mediated by integrins and protects tumour cells from therapeutic agents by their adhesion to other cells as
well as ECM components at the treatment site (Hakanson et al., 2014).
In light of the newest experimental results published by other groups involving the BRAF V600E and
SMO mutations, inhibitors of these two pathways should be explored in these organotypic models. How-
ever, stromal resistance to a RAF inhibitor used to treat other similar tumours has been reported, resulting
in constitutive, low RAS activity (Hakanson et al., 2014). In addition, to further validate these models, Ve-
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murafenib, which has been shown to clinically decrease ameloblastoma tumour size (Kaye et al., 2015), and
other currently clinically tested therapeutic agents could be applied.
7.4 Differing ameloblastoma behaviour in the models
Overall, it is clear from the results presented here that the ameloblastoma tumour models exhibited different
behaviour when cultured in the different models. This was partly due to the other cell type they were co-
cultured with, but also due to the difference in the ECM composition in the two models.
The presence of the other cell type within the co-cultures would be sensed by AM-1 cells at least in immediate
vicinity of the interface either by direct cell-to-cell contacts or paracrine effects, and would be perceived as
an in vivo-like environment, causing in vivo-like responses, e.g. RANKL upregulation. The heterogeneous
cell-to-cell interactions as mimicked in these models have been shown to be crucial for tumour invasion and
progression (Hakanson et al., 2014).
AM-1 cell growth was most abundant when the cells were in co-culture with HOS cells, reaching numbers
seven-fold greater than in both HOB and GF co-cultures. Meanwhile, AM-1 cells in co-culture with HOB and
GF cells exhibited a similar and overall slower proliferation rate, which better mimicked the behaviour of an
in vivo, slow-growing ameloblastoma tumour. The faster cell proliferation observed in the HOS co-cultures,
as well as all the control co-culture samples compared to the single-cell type controls, may be due to paracrine
effects with the cells in the cultures. Little MMP-2 expression was seen in single cell AM-1 cultures, indicat-
ing that AM-1 cells specifically in co-culture with GF cells upregulated MMP-2 expression.
Invasion was not observed in the HOS or GF co-culture models. In the GF co-cultures, cells from the two cell
types were co-localised and potentially interacting at the interface of the two constructs, whereas in the HOB
+ AM-1 models, AM-1 invasion was apparent by day 7 of co-culture. The increase in cell number and AM-1
cluster size seen at the interface in the HOB + AM-1 co-cultures was not observed in the other co-culture
models, and could be due to the AM-1 invasion seen in these models. This was indicative of bone-specific
AM-1 invasion.
Gene expression analysis did not reveal large differences between the co-culture constructs in the genes
analysed in the bone-like and the soft tissue models. In particular, SMO gene expression levels were similar in
all constructs and control samples, which was thought to be due to a potential ameloblastoma causing muta-
tion already present in the AM-1 cells, and levels in both co-cultures and control samples therefore remained
similar throughout culture.
AM-1 cells were stained for FSP and FAP when in co-culture with GF cells, and for FSP when in co-culture
with HOS cells, but staining for neither was observed in co-cultures with HOB cells. The FSP and FAP stain-
ing in co-culture with HOS cells could again be due to a paracrine, cancerous effect of the HOS cells. The
increased FSP and FAP staining in both the HOS + AM-1 and the GF + AM-1 co-cultures indicated that the
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AM-1 cells became more fibroblast-like as a result of the co-culture environment.
Collagen gel degradation by AM-1 cells has previously been reported elsewhere (Harada et al., 1998), but
was not observed during this study. However, the Harada et al study placed AM-1 cells on top of hydrated
collagen gels, which is a different cellular environment than in the models developed here.
The closest this study came to cell degradation of the collagen scaffolds was the initial, large contraction
exhibited by the GF cells. No significant amount of contraction was observed in the bone-like scaffolds.
7.5 General limitations of the organotypic models developed
While 3D organotypic models are an improvement on the 2D tissue culture environment; they are not in vivo
structures, and lack vasculature, immune cells and systems, as well as other cell populations normally present
in tissues. Even though attempts were made to make the models used in this project as in vivo-like as possible,
these models are not perfect. In addition, the results presented here are based on only one ameloblastoma cell
line, and as such, these results may not reflect a true in vivo ameloblastoma tumour.
In order to incorporate cells from another ameloblastoma to further verify the results obtained with AM-1
cells, cells from the AM-3 cell line were obtained from the Japanese group which created them (Kibe et al.,
2013). However, the cells did not survive the transit and could therefore not be used for further development
of these co-culture models. These models should therefore be validated with other ameloblastoma cells, either
using primary cells from tumours or other cell lines. Were the models to be validated and developed further
using excised tumour cells, they could potentially also be used as personalised screens of potential therapeutic
agents in conjunction with patient treatment.
The models developed here lacked any immune cells, which play an important role in tumour formation,
as well as in bone turnover as cells from the macrophage lineage mature to form osteoclasts. An interesting
model was developed by Linde et al, where macrophages were incorporated into collagen gels with human
squamous cell carcinoma cells in order to add an immune system component to the models (Linde et al.,
2012). A similar experimental system could be attempted with these ameloblastoma models.
Previous ameloblastoma models have focussed on incorporating AM-1 cells in fully hydrated collagen
hydrogels (Yasuda et al., 1991a,b). However, this study did not consider fully hydrated scaffolds, as plastic
compressed ones have been shown to be more tissue-like (Brown et al., 2005), and therefore a better in vitro
mimic for both soft and hard tissue models. Nevertheless, a single-protein gel is not enough to successfully
mimic the complexities of a native ECM, and collagen alone does not provide the cells within the scaffolds
with all the required ECM molecules, adhesion molecules and ligands to full physiological extent, which can
have an effect on cell-cell interactions, signalling and gene and protein expression (Astashkina and Grainger,
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2014). This was to some extent rectified by the use of Bio-Oss and Matrigel in the scaffolds, but the resulting
ECM compositions were not native, and especially the addition of Matrigel may have affected the fibroblasts
and AM-1 cells as discussed above. Furthermore, AM-1 cells were incorporated into collagen-only scaffolds
and were only proximal to these other ECM factors when in co-culture, which may have affected their be-
haviour.
With the large cell number in the confluent scaffolds by the end of the ‘pre-culture’ in both the bone-like
and soft tissue models, more cell movement purely due to crowded constructs would have been expected. This
was especially expected on the edges of the gel, and in particular towards the acellular support gels which
were added to the co-cultures, as there were no other cells preventing the invasion of the confluent cell type.
However, very limited amounts of cell movement towards the other cell type construct or the acellular layer
were seen.
In fact, the only cell movement seen was the cell-to-cell interactions seen in the soft-tissue model between the
two cell types, and the directional invasion of AM-1 cells towards the HOB cells in the bone-like scaffolds.
Furthermore, some cell movement out of the constructs onto the plates was seen, amounting to some tens of
cells. These cells were not accounted for in any analysis, as the constructs were always moved to a fresh plate
for microscopy and other assays. This lack of movement was interesting, and indicates that the cells when
incorporated in the models were in a suitable organotypic niche with little need to search for a more suitable
environment.
A majority of available assays were originally developed for 2D cell cultures and not 3D, with adaptation
of these into 3D collagen constructs unreliable and unpredictable, such as the results seen here with the Ala-
mar Blue metabolic assay used on the different constructs.
Even though the Cell Titre Glo study, which is based on the amount of ATP present in cells, has been shown to
be a relatively accurate measure of cell proliferation in 3D scaffolds both in this study and elsewhere (Crouch
et al., 1993), the levels of ATP and the metabolic activity of a cell do not necessarily translate to viable cells
within the scaffolds. Use of the Cell Titre Glo assay may have led to an overestimate of viable cells in the
co-cultures, as 2 ATP molecules are found per anaerobic cell and 38 ATP per aerobic cell in the Krebs cycle
(Malda et al., 2008). Furthermore, increasing cytosolic levels of ATP have been documented in cells under-
going apoptosis (Zamaraeva et al., 2005). It is therefore possible that dying or dead cells were counted by the
Cell Titre assay. This may explain the increase in cell numbers seen in some parts of the models when these
were treated with ALN or Dox.
Additionally, maturation of osteoblasts to a more osteocyte-like phenotype leads to a reduction in cell metabolic
activity (Gartland et al., 2012a), which may again result in an unreliable Cell Titre Glo result. Other methods
to quantify proliferation should therefore be employed to confirm cell viability levels seen in this study, espe-
cially after the application of ALN and Dox.
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The construct thickness varied, with the bone co-cultures being approximately 400µm, while soft tissue
ones were no thicker than 200µm - this was due to the inclusion of the Bio-Oss granules to the bone-like
constructs. The granules prevented further compression of the bone-like constructs, making them thicker.
Oxygen and nutrient diffusion was already limited due to the Bio-Oss particles, and may have been further
affected by the construct thickness. Any potential differences in cell behaviour due to the difference in con-
struct thickness were not explored.
In addition, the collagen in the bone-like constructs may have been less dense as a result of adding Bio-
Oss to the constructs, than the 13-20% density previously reported in other compressed collagen constructs
(Brown et al., 2005; Brown, 2013). The addition of Matrigel to the soft tissue models would also have affected
the density of the collagen fibres in the constructs; both of these could be further studied in more detail.
For improved, more organotypic models, and improved testing of therapeutic agents, tumour models
should incorporate a blood supply, other cells (stromal cells, fibroblasts in the bone-like model, macrophages,
immune cells), as well as components of the immune system and other signalling systems. Therefore, sev-
eral different aspects of the models developed during this study could be improved to further develop the
organotypic ameloblastoma models.
7.6 Future work
As with all organotypic and tumour models, countless different aspects of tissue and tumour biology can be
modelled using these constructs. In this report, a selection of experiments carried out on the bone-like and soft
tissue in vitro ameloblastoma models has been presented; yet many other aspects of ameloblastoma tumour
behaviour, growth and invasion remain unexplored.
7.6.1 Further scaffold development
In developing the scaffolds further, the following aspects could be explored: osteoclasts (or macrophages
with the potential for becoming osteoclasts) should be incorporated into the models. In addition, substituting
the fibroblasts in the soft-tissue scaffolds to primary fibroblast cells would further make these models more
in vivo-like. Further scaffold development could include combining the bone-like and soft tissue models so
that the ameloblastoma cells would receive signals from both fibroblasts and bone cells, making the tumour
microenvironment even more varied and organotypic. By combining the two organotypic models, any prefer-
ential migration to either scaffold by the AM-1 cells could be mapped, and other cell behaviour dependent on
scaffold type analysed.
Modelling the bone marrow cavity by using a softer, collagen-only scaffold could also allow for further char-
acterisation of the ameloblastoma tumour. Additionally, further data could be obtained on how the various
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ameloblastoma tumours invade this space, as it is often key for further soft tissue invasion.
The collagen in compressed scaffolds is more randomly distributed (less aligned) than in tissues in gen-
eral (Cheema et al., 2007), and especially in the jaw bones the collagen fibres are very aligned to produce the
characteristic lamellar bone structure. Reducing the randomness of the fibres to provide a more jaw bone-like
construct would be something to probe further.
As shown in chapter 4, AM-1 cells are contact dependent and did therefore not form the spherical struc-
tures which were initially thought to be the most in vivo tumour-like for ameloblastoma modelling. To aid
future synthesis of 3D sphere cultures, AM-1 and other ameloblastoma cells could be grown on (biodegrad-
able) microspheres to enable sphericalisation prior to incorporation in the models. This would also allow
for analysis of a single ameloblastoma tumoroid at a time, rather than an unquantified number of separate
tumours as in this study.
7.6.2 Further ameloblastoma analysis
It would have been interesting to further probe the co-culture models for changes in the production of e.g.
ALP, BMP2, collagens, and other proteins involved in bone synthesis, and to ascertain whether the presence
of ameloblastoma cells changed the levels of these in the models. There would also be scope to determine
levels of other factors considered in the recent studies on ameloblastoma, such as BRAF-V600E.
Recently, a study on using microarrays in ameloblastoma biopsies to look at protein expression was published
(Neves-Silva et al., 2016), adding to the other microarray data existing on the ameloblastoma tumour (Heikin-
heimo et al., 2002; DeVilliers et al., 2011). There is potential to further develop the co-cultures developed here
in a direction which would enable the use of microarrays or other high-throughput methods to characterise
the organotypic models by further miniaturisation and streamlining of the co-culture manufacturing process.
More assays for protein expression should be carried out. For example, it would be interesting to quantify
the increase in collagen in the scaffolds, if indeed cells are extruding collagen as seen in fig. 5.11. ELISAs,
western blots and in-cell westerns (a combination of immunofluorescent staining and western blotting) could
be used to probe the samples for expression of proteins such as MMPs, bone turnover proteins, SMO pathway
factors and various other ameloblastoma-associated proteins.
Additionally, cell migration and cell-to-cell interactions could be further explored by applying therapeu-
tic agents to the co-culture models and then carrying out a Cell Tracker study. Furthermore, it would be
interesting to look more closely at apoptosis and any specific locations for increased cell proliferation in the
models, especially after application of therapeutic agents using AnnexinV and Ki-67 assays for apoptosis and
proliferation, respectively.
The models could be made more clinically relevant by substituting AM-1 cells for either explanted
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ameloblastoma cells, obtained from tumours or from e.g. the ameloblastoma cell bank at the University
of Birmingham Alabama (Dr Hope Amm, UBA, personal communication). Ideally, the models should in-
corporate patient-derived tumour cells, as these would be the most useful in determining drug responses and
establishing relevant organotypic models. This cell substitution may then enable improved comparisons with
this model system to clinical data.
It would have been interesting to probe the co-cultures, and in particular the cell-to-cell interactions seen
in the HOB + AM-1 cells, for cell type-specific markers and indicators of cell-to-cell contacts (filopodia,
invadopodia, actin, markers of cell movement) to determine whether or not the cell populations came in phys-
ical contact with each other. Assays could also be used to probe whether the putative contact was due to
release of a growth factor of some sort, or whether it was an artefact of the compression process or due to
durotaxis.
7.6.3 Further therapeutic agent testing
Finally, the relatively high-throughput models presented here and the high-throughput screening presented
elsewhere (Brown et al., 2014; Kurppa et al., 2014; Sweeney et al., 2014) opens doors for various therapies
and screenings. This could be personalised, as cells from excised tumours can easily be added to the scaffolds
developed here prior to drug therapies and other tests.
In addition to applying Alendronate and Doxycycline to these models based on gene and protein ex-
pression results from this study, it would have been interesting to apply some of the BRAF V600E-targeting
therapeutic agents, such as Vemurafenib, to the in vitromodels to test the drugs’ efficacy in this model system;
as well as the handful of other potential therapeutic agents currently being, or about to be, tested clinically for
their effectiveness on ameloblastoma tumours.
The effect of other therapeutic agents such as Denosumab, which is a human monoclonal anti-RANKL anti-
body, binding to and neutralising RANKL activity (essentially a synthetic OPG), could also be analysed. The
long half-life of Denosumab further enables sustained suppression of bone resorption (Kearns et al., 2008).
Denosumab is currently used for osteoporosis treatment, and has also been trialled for use in metastatic can-
cers with bone spread, but it has the potential to be used with other diseases involving aberrant bone turn-over
(Body et al., 2006). This could include ameloblastomas, if further experiments indicate that increased osteo-
clast activation is the main mechanism with which the ameloblastoma tumour invades in vivo bone tissue.
For the soft tissue models, other MMP-inhibiting agents could be tested.
7.7 Conclusions
This thesis has described work undertaken to develop two separate organotypic models for the oral tumour
ameloblastoma in order to model tumour invasion to and growth in bone tissues as well as soft tissues. Ini-
tially, the bone-like scaffolds were characterised, and it was found that the collagen and Bio-Oss composite
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scaffold developed here was able to support both HOS and HOB cells, with the cells proliferating within the
constructs and mineralising it.
In co-cultures, ameloblastoma cells were found to greatly upregulate RANKL, which is involved in osteoclast
activation. Furthermore, some AM-1 cells became more fibroblast-like in prolonged culture with HOS cells.
The HOB + AM-1 co-cultures were the only samples in which ameloblastoma invasion towards to bone-like
constructs was seen over 14 days.
When AM-1 cells were co-cultured with the gingival soft tissue models developed, a large upregulation of
MMP-2 expression was seen in the models. Subsequently, this MMP-2 synthesis was found necessary for
AM-1 cells to locally break down their surrounding ECM in order to proliferate and form their characteristic
clusters.
The addition of the potential therapeutic agents Alendronate and Doxycycline significantly reduced AM-1
cell proliferation in the co-culture models. This indicates that the co-culture models developed here may also
be used to validate therapeutic targets in ameloblastoma tumours in an organotypic setting.
The results presented here are novel in the following aspects:
• Bio-Oss granules and compressed collagen scaffolds were used as a cellularised bone-like matrix.
• The addition of cells to the Bio-Oss granules and collagen scaffolds was found to increase in their
mineral content.
• Bio-Oss + collagen in vitro constructs were tested for their mechanical properties. The constructs’
compressive strength was found to increase with the addition of Bio-Oss.
• Documentation of gingival fibroblast-induced scaffold contraction even when in a compressed environ-
ment; previous reports on other fibroblast types do not detail this.
• Culture and maintenance of AM-1 cells in compressed collagen scaffolds for up to 28 days.
• Co-culture of AM-1 cells with another cell type in an organotypic collagen scaffold with either Matrigel
or Bio-Oss granules.
• MMP-2 identified as a requirement for successful AM-1 ECM breakdown and tumour cluster growth.
• Successful staining of constructs with the Cell Tracker assay for 14 days, 11 days longer than the limit
suggested by the manufacturer.
• Testing of potential therapeutic agents on ameloblastoma tumours using the organotypic cultures, thereby
creating the first in vitro therapeutic agent testing models for ameloblastoma.
• Reduction of AM-1 cell viability in co-cultures treated with Alendronate and Doxycycline.
The results presented here show that it is possible to develop in vitro organotypic models for odontogenic
tumours using tissue engineering techniques. If validated in vivo, the results presented here could translate
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to the clinical setting, as some of the results have been shown to be in line with results obtained by others
using ameloblastoma tumour samples. The models developed here have also been shown to enable testing of
potential therapeutic targets in an organotypic setting. Furthermore, these models could easily be adapted for
modelling other odontogenic tumours and oral cancers, and could also be used for more reliable, organotypic
screening of potential therapeutic agents for these.
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Publications and conference abstracts
Publications based on this project
Eriksson T M, Day R M, Fedele S, Salih V (2016) The regulation of bone turnover in ameloblastoma using
an organotypic in vitro co-culture model Journal of Tissue Engineering; in print
Eriksson T M, Day R M, Fedele S, Salih V (2016) Invasion inhibition in an organotypic soft tissue model of
ameloblastoma manuscript in preparation
Eriksson T M, Day R M, Fedele S, Salih V (2016) The bisphosphonate alendronate inhibits ameloblastoma
growth in an organotypic in vitro model; manuscript in preparation
Eriksson T M, Day R M, Fedele S, Salih V (2016) The molecular pathways of ameloblastoma development;
Review; manuscript in preparation
Conference abstracts based on this project
Mechanical properties of tissue engineered bone-like tumour models
Tissue and Cell Engineering Society (TCES) Annual Meeting, London, July 2016
poster presentation.
Modelling ameloblastoma behaviour with bone-like co-culture scaffolds
British Society for Oral and Dental Research Annual Meeting (BSODR), Cardiff, September 2015
- oral presentation. Travel Grant from BSODR Johnson & Johnson (£200).
Examining tissue invasion in an organotypic ameloblastoma model
TCES Annual Meeting, Southampton, July 2015 - poster presentation.
Bone turnover in an organotypic in vitro model of ameloblastoma
International Association for Dental Research General Session and Exhibition, Boston, US, March 2015 -
poster presentation. Travel Grant from TCES (£150).
Novel organotypic bone scaffold for ameloblastoma modelling
IADR Pan-European Research (IADR PER) Meeting, Dubrovnik, Croatia, September 2014 - oral presenta-
tion. Travel Grant from BSODR Johnson & Johnson (£200).
Development of a soft tissue in vitro model for ameloblastoma
UK Society for Biomaterials (UKSB) and the European Society of Biomaterials (ESB) annual conference,
Liverpool, September 2014 - poster presentation.
Development of a three-dimensional model for ameloblastoma
TCES Annual Meeting, Newcastle, July 2014 - poster presentation.
Towards 3D in vitro models of ameloblastoma
UCL Graduate School annual poster competition, 2014.
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Appendix B
Standard curves and routine cell
measurements
Figure B.1 shows an image of the fluorescent qRT-PCR amplification curve plotted as delta normalised re-
porter ( Rn) vs cycle number.  Rn is the ratio of fluorescence emission of the reporter dye in the samples to
the fluorescence emission of the passive reference (Rox) dye. Based on this curve, the ddCt values for each
of the samples were calculated. Here, the baseline would be set as approximately cycle number 22, which is
at the start of the exponential phase of amplification. The baseline value is set in order to remove background
levels of fluorescence. The threshold value is set at a point in the middle of the exponential part of the curves.
The point at which the amplification curve crosses the threshold is the Ct value for that sample (as indicated
by the dotted arrow). The samples towards the left of the exponential phase of the run in fig. B.1 amplified as
expected, and these samples can be used for further analysis. In these samples, the PCR reaction also reached
a plateau before the run ended, indicating that all reagent had been used up. However, on the right-hand side
of the exponential curves, the reactions failed (blue and brown lines). These samples did probably not contain
enough mRNA to successfully amplify in the specified 40-cycle run, and therefore failed to reach a plateau.
These samples require to be run again.
To the right of the exponential curves, some of the control samples (as indicated by the arrows), did not
amplify, as expected. These controls were a water-only control to check for contamination, as well as a
mastermix control with no mRNA added.
Specter cell count histograms
Figure B.2 shows a representative image of the results obtained when using the Specter automatic cell counter
for counting cells in suspension. The histogram on the top shows the cell diameters in the 1ml suspension,
and the lower histogram is the cell volume. The lower and upper limits (in the M1 range) can be tailored to the
known cell sizes and to exclude e.g. large particles and dying cells (or cell particles). This count was carried
out using the 60µm sensors (used for HOS and GF cells). The blue highlighted area in the ‘group stats’ box
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Figure B.1: Representative image of qRT-PCR amplification curve. This linear view curve displays the
normalised reporter dye fluorescence ( Rn) as a function of PCR cycle number for determining the threshold,
baseline and Ct values from the qRT-PCR reaction.
on the right shows the size of cells which were counted using this method in this particular count (6-27.3µm).
As can be see from other counts, the 40µm sensors count cells sized between 3µm and approximately 8µm.
The cell count for this particular sample as seen in column ‘M1 Conc. (count/mL)’ was 431,000 cells/ml
media-PBS solution. This value was then multiplied by the dilution factor 10, as the cell suspension, when
preparing for the count was diluted 1:10 (100µl of cell suspension in 900µl PBS), to determine the actual cell
number.
Figure B.2: Representative histograms and cell counts obtained from the Scepter automated cell counter.
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Cell-based assay standards
Figure B.3 shows two standard curves constructed for determining cell numbers using the Alamar Blue assay.
Here, the known cell numbers seeded in the wells are plotted against the corresponding fluorescent reading
obtained using the Alamar Blue assay at 16 hours post-seeding. The line function was then calculated by
applying a line of best fit through the points in the plot. The constant obtained from the equation was then
used for calculating the cell numbers in experimental samples. A standard curve was constructed for each
separate cell line used for this particular assay.
Figure B.3: Representative Alamar Blue standard curves for HOS and GF cells with associated line functions.
Figure B.4 shows two standard curves for known amounts of ATP diluted in OM and KSFM and plotted
against the luminescence reading obtained from a Cell Titre Glo 3D assay. Similarly, fig. B.5 shows two
standard curves plotted of a known quantity of cells against the resulting luminescence readings.
The constant obtained by calculating the line of best fit was used to deduce the amounts of ATP or cells
present in experimental samples with unknown ATP or cell quantities. The standard curves in fig. B.5 made
it possible to obtain cell numbers and proliferation information using the luminescence readings.
Figure B.4: Standard curves plotted for known amounts of ATP in two different media types used for the Cell
Titre Glo 3D proliferation assay. Similar standards were also plotted for each cell type with a known quantity
of cells to enable later quantification of cell numbers based on the luminescence reading obtained.
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Figure B.5: Known quantities of cell numbers measured for emitted ATP luminescence. Using the resulting
values, the cell quantities were plotted on the x axis and the corresponding luminescence reading on the y axis.
The constant from the equation for the line of best fit was then used to calculate cell numbers in experimental
samples with unknown cell numbers.
Figure B.6 shows the standard curve constructed for the ALP activity assay. The absorbance value at
405nm was measured for known amounts of ALP. A line of best fit was then plotted through the points, and
the resulting equation was used to determine ALP amounts in the experimental samples.
Figure B.6: Standard curve plotted for known amounts of pNPP substrate against the absorbance reading
obtained at 405nm.
The concentration of ALP (ALP activity) in the samples was calculates as follows:
A/V ÷ T = U/ml
where A is the amount of pNPP (ng/ml) in the samples, calculated based on the standard curve, V is the
volume of the sample added per assay well in ml (here 0.1ml) and T is the reaction time in minutes (here
45min).
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Mechanical analysis curves
Two representative DMA output graphs are shown in the image in fig. B.7. The frequency used is plotted
against the modulus of the material obtained. Fig. B.7A shows a successful elastic region measurement with
a linear elastic region, and fig. B.7B shows a failed test, where the curve obtained is not linear.
Figure B.7: Representative images of the elastic region of the stress-strain graph obtained using DMA. The
coloured dots represent the stiffness measurement obtained at different frequences during the sweep. A) The
resulting curve from a successful mechanical test with the measurements within the elastic region; B) A DMA
curve from a sample which failed during testing. The curve is no longer linear half way through the frequency
sweep, and so this set of results cannot be used to determine material stiffness.
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Figure B.8: Measuring the area of the bone-like construct to quantify total amount of Bio-Oss in constructs.
Measuring Bio-Oss content in constructs using ImageJ
Bio-Oss area measurement was carried out as detailed in fig B.8, and as follows:
1. Image of collagen + Bio-Oss construct (square) was first straightened (angle tool in ‘Photos’ programme)
so the whole construct fit within the square.
2. The image was opened up in image J (as RGB; fig. C.8A).
3. Image! Type! 8-bit to get grayscale image; keeping the RGB image open for reference.
5. Image! Adjust! Threshold.
6. Manually adjust the sliders until the image obtained (in B&W) and the granules highlighted are equivalent
to the original RGB image (fig. C.8B).
7. Analyze! Analyze particles! Show outlines! OK to obtain image (fig. C.8C).
8. Analyze!Measure! area fraction as percentage of total area of image (in pixels or unit of measurement
previously calibrated to).
Immunocytochemistry control staining
Representative images of control samples for immunocytochemical staining are shown in fig. B.9. Control
staining was carried out for all different cell types and antibodies used for ICC. Samples fig. B.9A-C were
stained with both the EthD-1 nuclear stain (red) and the primary antibody (green). Samples in fig. B.9D and
E were only stained with the primary antibody (green) without the nuclear counterstain. Samples in fig. B.9F,
H, I and J were only stained with the nuclear counterstain (EthD-1, red), and the secondary AF antibody, but
the primary antibody was omitted. Similarly, the sample in fig. B.9G was counterstained with the nuclear
stain Sytox green, and the primary antibody was omitted.
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Figure B.9: Representative images of positive and negative controls stained for ICC. Positive controls (A-E)
were single-cell type samples which were stained with both the primary and secondary antibodies according
to the protocol. Note here A and C are stained with both an antibody and the nuclear counterstains, whereas B,
D and E are only stained with the antibody. Negative controls (F-J) were samples where the primary antibody
was omitted during staining.
Measuring gel area in ImageJ
Measuring the construct area in ImageJ was carried out for the contraction assays as shown in B.10 and
described in the caption.
Therapeutic agent cytotoxicity studies
A brief 72 hour cytotoxicity study was carried out on both HOS and AM-1 cells plated on tissue culture plastic
to assess the cytotoxic effects of alendronate (ALN) application on both cell types prior to applying it to the
co-culture models. As seen in fig. B.11, HOS cells did not remain viable in the conditions with the higher
amounts of added ALN. AM-1 cell viability was found to remain similar in all treatment groups. Based on
HOS survival, the two lower amounts of ALN (10nM and 100nM) were used for further studies.
A brief 72 hour cytotoxicity study was also carried out on both GF and AM-1 cells in 2D to assess the
cytotoxic effects of Doxycycline on these cells prior to application on the organotypic models. As seen in fig.
B.12, GF cells remained mostly viable with up to 80% cell viability in the samples with 5 - 20µg/ml Dox
added, whereas cell death was markedly increased in the 50µg/ml Dox-treated samples. AM-1 cell death was
found high in all Dox-treated samples. However, as this was in 2D, the drug kinetics were assumed to change
in the 3D models. As AM-1 survival was not significantly different in any condition, 10 and 20µg/ml were
decided as suitable for Dox testing on the organotypic GF + AM-1 models.
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Figure B.10: A) Image of a typical gel opened up in ImageJ. B) The scale of the image was set using the ‘set
scale’ tool and the known diameter of the bottom of the well (16.9mm, with mm set as the ‘unit of length’).
The scale was set separately for all images to ensure that the measurements were correct for all images. C)
Either step C1 or C2 was performed to trace the outside of the gel. The free-hand trace tool in step C1 was
useful for gels which did not remain rounded, whereas step C2 was used for rounded, contracted gels. D)
Here, the area of the traced part of the image was measured using the ‘measure’ tool. The resulting area was
displayed in a new window as indicated by the red box, with the value in this window corresponding to the
value of the area in mm. This value was then normalised to day 0 values to obtain the amount the sample had
contracted by.
Figure B.11: Cell viability shown as a percentage of HOS and AM-1 cells after a 72hr culture with alen-
dronate. The percentage of viable cells is shown in the white bars, and dead cells in the black bars. Average
values of n = 3 are shown.
Figure B.12: Cell viability shown as a percentage of GF and AM-1 cells after a 72hr culture with various
concentrations of Doxycycline. The percentage of viable cells is shown in the white bars, and dead cells in
the black bars. Average values of n = 3.
